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ABSTRACT 

I n  1954, Nature conducted an oceanographic-fish- 
eries experiment far  beyond the scope of man. 

Sardines spawned off southern California earlier 
and over wider distances than a t  any time since the 
start of the expanded sardine investigations in 1949. 

Ocean temperatures off southern California were 
consistently warmer than in previous years. 

The fishing season saw some sardines taken as far  
north as Avila. 

I n  southern California, sixteen times the previous 
season’s catch was taken. 

The sardines came from off Mexico. 

Whether they will return to California next year is 
beyond our present ability to forecast, but in this 
spring of 1955 they are spawning again in the south- 
ern California-northern Baja California center. 

When the scientific data for 1954 are completely re- 
viewed, we should be several strides nearer to being 
able to forecast where the sardines are, how many 
there are, and if they can be caught. 

The important thing to remember is that the year 
1954 was the one the scientists have been waiting for, 
a better year to contrast with the five bad ones pre- 
viously studied. 
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It seems unlikely that any marine fishery in Cali- 
fornia will face a situation more baffling than did the 
sardine industry in 1947-48. For several years the suc- 
culent little Pacific sardines had formed the basis of 
one of the nation’s great fisheries. Approximately half 
a million tons were being taken annually; in some 
seasons the catch went well above that figure. Monte- 
rey’s Cannery Row was known all over the world; 
less noted but equally thriving sardine ports were San 
Francisco and Los Angeles Harbor, with San Diego 
playing a minor role. 

After dropping somewhat in the early 1940’s, in 
1947-48 the catch plummeted to a low of a little over 
100,000 tons. Several scientific agencies had investi- 
gated the fish to the best of their means. But it was 
clear that there was not enough factual information 
on hand fully to explain the disaster or to predict the 
future of the fishery. Particularly needed was infor- 
mation on sardine behavior and distribution, to find 
out the influence of oceanic conditions on the sardine. 

It was under these circumstances that the Marine 
Research Committee was formed by legislative action. 
The membership consisted of five men from the sar- 
dine industry, one public representative, and three 
ex-officio members-one from the Fish and Game Com- 
mission, two from the Department of Fish and Game. 

A special tax was put on sardine landings and was 
later expanded to cover anchovies, jack mackerel, Pa- 
cific mackerel, herring, and squid. All but a fraction 
of these funds has been spent by the Marine Research 
Committee to foster research on oceanic fishes. 

Bad as it was, the 1947-48 season was by no means 
the lowest ebb of sardine fishing in California. Much 
worse was to come. I n  the 1953-54 season only about 
3,500 tons of sardines were landed in California, vir- 
tually all from southern California waters. 

By that time, the scientists had worked for almost 
five years on intensified sardine investigations. They 
believed that they knew the answers to some aspects of 
the problem. But they had been working in an era 
when oceanic conditions seemed uniformly hostile to 
sardines. They had a great deal of detailed informa- 
tion on very bad years. What they sorely needed was 
comparable information on good years. 

The scientists were working under the California 
Cooperative Oceanic Fisheries Investigations, as the 
expanded sardine studies have come to be known. The 
program was modeled upon investigations carried on 
continuously since 1919 by the California Department 
of Fish and Game and augmented after 1937 by the 
U. S. Fish and Wildlife Service. The plans for the 
joint oceanographic-fisheries research cruises were 
based on investigations undertaken between 1929 and 
1932 and again between 1937 and 1940 by the Depart- 

ment of Fish and Game and expanded in 1939 through 
1941 by the cooperative efforts of Scripps Institution 
of Oceanography and the Fish and Wildlife Service. 
Scripps, Fish and Wildlife Service, California Fish 
and Game, and California Academy of Sciences 
planned the present broad program of investigations 
in 1947 and Hopkins Marine Station joined in the 
work in 1951. Their money has come from various 
sources. 

To date more than four million dollars has gone 
into this program from state, federal, and industry 
sources. Of the total, the Marine Research Committee 
has directed the spending of $772,960 in the fiscal 
years 1948-49 to 1954-55. 

Of this sum, the Scripps Institution has received 
29.6 per cent. Since 1949, as a rule, two university 
vessels have put to sea each month. These ships have 
sailed over 300,000 miles covering oceanic waters in a 
region that extends from the Oregon border to the. 
tip of Baja California and 200 to 300 miles at sea. 
As a result, a large proportion (in 1954-55, an esti- 
mated 65 per cent) of the money Scripps has received 
through the University for marine life research has 
been spent on the collection of data a t  sea and its 
processing. Only the lesser share has been available 
for the important work of analysis of the data and 
conducting special studies. With the Marine Research 
Committee grants, the Institution has been able to 
undertake studies of the food of the sardines, of some 
oceanic plants, of the genetics of sardines. In  addi- 
tion, it has supplied editorial and illustrative services 
for the publications of the Marine Research Com- 
mittee. 

The South Pacific Fishery Investigations of the 
U. S. Fish and Wildlife Service has been given $378,- 
509, or 49.0 per cent, of the sum. The Fish and Wild- 
life Service has used the money to expand its studies 
of the eggs and larvae of sardines and to continue 
its joint studies with the Department of Fish and 
Game of the commercial catch, and to participate, 
with its vessel Black Douglas, in the routine oceanic 
surveys. 

The California Department of Fish and Game has 
received 7.8 per cent of the total. This was used in 
part to purchase equipment, in part for salaries in 
connection with the Department’s sardine studies. 
Through its regular budget the Department has con- 
ducted young fish and adult fish surveys, has kept 
records of the catch and age and sizes of sardines, 
mackerels and anchovies as well as all other com- 
mercial species, has participated in the very im- 
portant scale reading program, and has collected 
material a t  sea for  the use of the other agencies. 
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It has supplied one or more ships as needed, regu- 
larly the Yellowfin, occasionally the N. B. Scofield. 
At least one vessel has been at  sea during approxi- 
mately ten months out of each year. 

The California Academy of Sciences has received 
7.5 per cent of the total. This agency has conducted 
studies of live sardines in the Steinhart Aquarium, 
investigating schooling behavior, feeding behavior, 
differences in behavior at different controlled tem- 
peratures, and behavior in an electrical field. (This 
last opens up at  least the possibility of a new method 
of selective fishing, since sardines swim toward the 
positive electrode, and the largest fish are most easily 
affected.) 

Stanford University’s Hopkins Marine Station at  
Pacific Grove joined the program in the 1951-52 fiscal 
year. It has received 2.7 per cent of the total, using 
the money to conduct oceanographic studies in and 
near Monterey Bay, which will be of great value, 
particularly a t  such time as sardines return to that 
area. 

The Committee has spent 3.4 per cent of the total 
on.genera1 operating expenses and the printing of its 
reports. 

1947 
BIOLOGICAL RESEARCH 

I. Recruitment. 
a. Measurement 

b. Measurement 

c. Measurement 
larvae. 

of amount of spawning. 

of the abundance of 

of the relative abundance 
of year-class before it enters the fishery. 

d. Measurements of the sizes of year- 
classes in the commercial fishery. 

e. Studies of the spawning stock on the 
spawning grounds. 

11. Availability of the stock to the fishermen. 
a. Analysis of the commercial catch. 
b. Exploratory work on and off the fishing 

grounds during the fishing season. 
c. Exploratory food studies. 

111. Investigation of rapid methods of plankton 
collection and analysis. 

IV. Physiological studies of behavior, feeding, 
and nutrition. 

1’. Dynamics of the sardine population and 
fisheries. 

PHYSICAL AND CHEMICAL 
OCEANOGRAPHY 

The Committee has been able to direct the expendi- 
ture of 97.5 per cent of the total returns from the 
special tax; 2.5 per cent was required to be paid into 
the Fish and Game Preservation Fund. This money, 
because of a quirk in the law which has just been 
changed, has not been available for any purpose 
whatever. 

I n  reviewing the course of the investigations, it 
would be difficult to separate the results that have 
been obtained with “Marine Research Committee 
money’’ from those with “University money,” “Fish 
and Game money,” or “Federal money.’’ But many 
results have been obtained; they appear in the form 
of reports and of papers in the scientific journals. 
By 1 January 1955, almost 150 such papers dealing 
with the sardine program had appeared. (These are 
listed later in this report.) 

In  April, 1947, the staffs of the California Depart- 
ment of Fish and Game, the U. S. Fish and Wildlife 
Service, and the Scripps Institution of Oceanography 
conferred and recommended a program of research 
that eventually was adopted as the expanded sardine 
program. It is interesting to compare this plan with 
the achievements of the program : 

1955 

One major spawning area off southern California was known as  early as 1930; 
a second off Baja California has been delineated. I n  1954, approximately 325,000 
billion sardine eggs were spawned in contrast to 440,ooO in 1953, 145,000 in 1952, 
and 610,000 in 1951. Amounts of eggs of other species are also measured. 
This has been done annually. 

This has been done every year since 1950, for the several species, and has enabled 
comparisons with previous surveys made in 1938, 1939, and 1940. 
This work, which has been done every year since 1932, and which has provided 
the basis of much of the research on the sardine, has continued. 
These have been conducted whenever possible. 

This work, begun in 1919, is also of a continuing nature, and has been done. 
This has been done. 

This has been done insofar a s  it concerns sardines. There has been some work 
on other species. 

This work was done in the early years of the program. It provided tools and 
techniques that are becoming standard in the field. 

These studies a re  continuing. 

This is being done. A paper that represents an  attempt to construct a general 
theory of sardine populations comprises the major part  of this report. 

Approximately 6,000 “oceanographic stations” have been occupied. The informa- 
tion gained from these cruises should make the California waters the best under- 
stood in the world and will be basic to any future studies of the eastern Pacific 
and its resources. 
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In  addition to these tasks accomplished, valuable 
new information has been gained on species that are 
now little exploited or not a t  all, such as hake and 
sauries, which have been found to be present in large 
numbers. 

The Committee has thus been instrumental in the 
progress of a program that has enormously expanded 
our knowledge of the California waters. A dramatic 
instance of the potentialities of such information oc- 
curred last fall : 

The biggest news in sardine research in 1954 oc- 
curred outside the laboratory. Nature obligingly con- 
ducted an oceanographic-fisheries experiment far be- 
yond the scope of man. 

Between two and five billion sardines came north 
from Mexican waters to provide California with the 
best catches since 1951-52. 

The fish started coming. northward in the spring. 
Egg-and-larva surveys showed widespread spawning 
quite early in the year. 

Water temperatures showed a marked increase in 
the early spring. 

Together, these factors indicate that wide spawning 
off southern California may depend largely on the 
right temperature a t  the right time of year. And if 
the sardines come to southern California to spawn, 
they may remain there (or return) to be caught. 

This theory has been advanced several times, but 
it has never been possible to nail it down before. For 
five long years (1949-53) ocean temperatures off the 
coast varied so little from year to year that oceanog- 
raphers would have had to concede that if fish were 
responding to these slight differences they were more 
acute than our most sensitive measuring instruments. 

Then early in 1954, ocean conditions changed. 
The first evidence of the change came from charts 

of surface temperatures. These are plotted up after 
each cruise. They showed a consistent warming off 
southern California in the spring months. 

Now it is known that warming extended through- 
out a layer of water a t  least 300 feet deep. 

Second evidence of changing conditions came as 
plankton collections were sorted. Sardine eggs and 
larvae turned up from regions where none had been 
found in the past two years. 

In  ‘July, fishermen reported schools of adult sar- 
dines around the Channel Islands and large schools 
were seen from the air near Hueneme. The opening 
of the southern California season, on 1 October, 
found the fish available in numbers not seen since 

1951-52. More than 60,000 tons were caught. That 
was many times the previous season’s catch. 

These sardines were not members of a large, new 
year-class. Age composition studies showed that the 
1952 and 1951 year-classes contributed about a third 
each. Of the remainder, the 1948 year-class produced 
one-third. These 1948 fish were suprisingly small. 
They were the “little, old” fish that usually appear 
in only insignificant numbers off southern California. 
They are fish that were spawned and spent their first 
years off Baja California. 

The return of the sardines did not take the scien- 
tists by surprise. It had been pointed out in the last 
progress report that “the success or failure of the 
fishery in the immediate future will be largely deter- 
mined by the number of sardines that may move from 
the Baja California waters into our fishing grounds. ” 

The next question is, will the sardines return next 
season? And if so, in what quantities? 

The first cruises of 1955 have shown the water is 
as warm as it was in 1954. By taking spot samples, 
it has been learned that in March and April there 
was extensive spawning off southern California. The 
fish surveys will tell where the sardines are. With 
this evidence, the scientists should be able by summer 
to predict whether enough sardines will be available 
to give the State a substantial fishery in the coming 
season. It is already known that the incoming year- 
class, that of 1953, is not a very good one. That is 
shown by the egg-and-larva counts and by the young- 
fish surveys. The 1952 year-class stands out as the 
best spawned in these five lean years, being one and 
one-half times the size of any of the others. But this 
and the other year-classes present in the fishery may 
appear in sufficient numbers to insure a profitable 
catch. 

It is still not known exactly 
whether other aspects of the ocean changed as strik- 
ingly as did temperature in 1954, or if the food 
supply of the sardines changed. Scientists are work- 
ing on these problems. 

Without research, the revival of the industry in 
southern California would have been almost impos- 
sible to explain, Now it seems possible that the data 
will be on hand to explain several aspects of fluctua- 
tions in sardine populations and perhaps other fish 
populations. The information may eventually lead to 
accurate prediction of how many fish there are, where 
they are, and if they can be caught. 

Research lags events. 
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POPULATION DYNAMICS OF THE PACIFIC SARDINE 

SOME GENERAL CONSIDERATIONS 
Man is interested in renewable resources, such as 

marine fish populations, from the standpoint of Man 
and not from the standpoint of the resource. This is 
so obvious as to constitute a truism, yet the implica- 
tions are often overlooked. So far as a population of 
fish is concerned, the only thing which is of impor- 
tance to that population is that it not be reduced (by 
whatever means) to a size below which i t  can no 
longer perpetuate itself. Any other facets of Man’s 
interest in the resource, while they may be influenced 
or modified by the biology of the fish, have their basis 
in the economic and social aspects of Man’s behavior. 
Thus it is considered worthwhile to t ry  to hoard cer- 
tain plants or animals or geographic areas because of 
the esthetic value while other plants, animals or geo- 
graphic areas are exploited because of economic value. 
Maine herring are primarily harvested as juveniles 
rather than as adults because there is more economic 
demand for this product. The California sardine in- 
dustry grew to such large magnitude because of the 
demand for meal and oil, rather than for canned fish. 
And so on. 

This point is raised to demonstrate that what is 
done with a resource is essentially governed by the 
needs or desires of Man and, in a sense, has little or 
no connection with the resource per se. It is essential 
that this not be overlooked: ignoring this simple fact 
can almost hopelessly confuse related but quite dis- 
tinct problems. 

At  the present stage of our knowledge, there is 
rather universal agreement that the only way Man 
can affect a population of marine fishes is by fishing 
(and, perhaps, by pollution in special situations). 
That is, we cannot economically fertilize large areas 
of the sea, nor can we treat epidemics in fish popula- 
tions, nor hope to stock the ocean by means of hatch- 
ery-reared fish. There is further agreement that Man 
can affect fish populations by varying the amount 
of fishing and by varying the method of fishing. There 
is, however, disagreement about the nature and magni- 
tude of such effects. 

According to one theory, big spawning populations 
produce bigger year-classes than do small spawning 
populations. Therefore, one might suppose that re- 
ducing the total catch would make the spawning popu- 
lation bigger and therefore result in the production of 
bigger year-classes. Although this assumption has been 
made many times, it has not been demonstrated for 
any marine fish. The possibility that this theory does 
not conform to the facts will be discussed below. Un- 
fortunately, this assumption is perhaps more often 

made tacitly than explicitly. There must, of course, 
be a critical population size below which the popula- 
tion will not be able to perpetuate itself. 

In  species which tend to grow rapidly and are sub- 
ject to a low rate of natural mortality, a group of fish 
of a given year-class will, for a period of time, gain 
more total weight through growth than it will lose by 
the natural death of some of its members. Conversely, 
a group of fish which grows slowly and is subject to 
a high rate of natural mortality will lose more total 
weight through deaths than it will gain through the 
growth of those fish surviving. In  the case of a rapidly 
growing species, it is obviously profitable, in terms 
of total weight, to leave the fish in the sea until the 
growth-death ratio is most favorable. This has, in fact, 
been done in the case of some of the bottom-dwelling 
species simply by increasing the mesh size of the 
trawls and allowing the smaller fish to escape and 
continue growing before being caught. Of course, in 
order to make an intelligent decision about what par- 
ticular mesh size to choose, information must be avail- 
able about growth rates and death rates. 

Wbat Causes Fluctuations in tbe 
Size of a Fisb Population? 

Fluctuations in the size (numbers) of a population 
of adult fish arise from the difference between the 
number of fish which leave the population (die) dur- 
ing a given time period and the number of new fish 
which enter the population (fish of a new year-class) 
during that same time period. Obviously, when the 
number of deaths exceeds the number of recruits the 
population will decrease in size and, conversely, when 
recruitment exceeds deaths the population will increase 
in size. (As mentioned above, the size of a population 
in weight will vary according to the ratio of increase 
through growth and decrease through deaths.) 

Deaths may arise from a variety of causes. These 
include capture by Man (a form of predation), preda- 
tion by other animals, disease, parasitism, “red tide,” 
starvation, senility, lethal genes, and so on. Deaths 
from the first-named cause are commonly termed fish- 
ing mortality. All other causes are lumped under 
natural mortality, partially as a matter of convenience 
and partially as a reflection of general ignorance 
about the specific cause of natural mortality in any 
given situation. 

The death rates from fishing and from natural 
causes can clearly be variable and will be influenced 
by many factors, so that it is difficult to generalize 
about them. Two features are of interest, however. 
One of these concerns the fact that when fishing mor- 
tality is imposed on a population, natural mortality 
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is to some extent replaced by fishing mortality. That 
is, some of the fish which would have died naturally 
during a given time interval are caught instead. The 
other feature, and by far  the most important one, 
is that as far as we can judge from all the observa- 
tions that have been made, fishing and natural mor- 
tality exert their greatest influence on the size of the 
population existing at the time they occur. Opinions 
differ about their effect on the size of future additions 
to the population, Le.,  year-classes which will be pro- 
duced subsequent to the time the mortalities occur. 

There must, of coarse, be some “critical, ” minimum 
spawning stock size below which year-class size is a 
function of stock size, as we have already stated. This 
critical stock size has not yet been measured for any 
marine fishes. Above this minimum stock size all pres- 
ent evidence indicates that the magnitude of additions 
to the population (the size of individual year-classes) 
is not determined by the number of eggs spawned, but 
rather by variations in survival rate between the time 
the eggs are spawned and the time the resulting fish 
have grown large enough to enter the population. This 
means that the size of any particular year-class is de- 
termined, not by the number of adult fish (above the 
minimum) which produce it, but rather by variations 
in the environment which affect survival rate after the 
eggs are spawned. 

As to the relative importance of death rates and 
entering year-class size in producing variations in 
population size, there can be no question but that vari- 
ation in year-class size can produce much greater vari- 
ations in population size. Obviously, the number of 
deaths can only amount to some fraction of the total 
population a t  any given time. On the other hand, the 
size of any given year-class can, and has been observed 
to, exceed the size of the population to which it is 
added (for example, in the Pacific sardine, the Pacific 
mackerel and the Atlantic haddock). One might ex- 
pect that the importance of an individual year-class 
would tend to be reduced in a population made up of 
many year-classes and accentuated in a population 
made up of only a few year-classes. There are, how- 
ever, notable exceptions to this generalization (for ex- 
ample, the famoul 1904-class of Norwegian herring, 
which dominated the fishery for many seasons with as 
many as 17 other year-classes in the fishery a t  the 
same time). 

What Causes Fluctuations in the Catcb 
Front a Fish Population? 

Fluctuations in the catch from a fish population 
can be caused by fluctuations in the size of the popula- 
tion, fluctuations in the degree of availability of the 
population to the fishery and fluctuations in the 
amount of fishing effort. The causes of fluctuations in 
the size of a fish population have already been con- 
sidered. We need only examine the remaining two 
sources of fluctuations in catch. 

In  a free economy, variations in the amount of fish- 
ing effort will ordinarily be governed by economic 
laws. Fishermen will tend to seek those species which 
will be most profitable and to avoid those which are 
unprofitable. (We are considering here the fact that, 
all other conditions being constant, a reduction in ef- 
fort will result in a reduction of catch and an increase 
in effort will result in an increase in catch. The effect 
of fishing effort at a given time upon abundance at 
some subsequent or future time is considered else- 
where in this paper.) 

The degree of availability of a population to a fish- 
ery has been observed to vary widely between suc- 
cessive time intervals. The phenomena which are 
involved in fluctuations in availability are not under- 
stood and, in fact, the existence of availability phe- 
nomena is not yet universally recognized. However, it 
is easy to suggest ways in which availability operates 
to affect the catch. ’In a hook-and-line fishery, fish 
which stop feeding during the spawning period are 
unavailable during that period. Fish which are taken 
over part of a migratory route are unavailable before 
the migration starts or if the route shifts. The geo- 
graphic shift of the center of a population may make 
a population more or less available to a fishery, de- 
pending on whether the population shifts into or out 
of the area of the fishery. A change in the behavior or 
depth distribution of a schooling fish could easily lead 
to great fluctuations in the catch. The recitation of 
such examples could be continued a t  great length, but 
these should serve to illustrate that changes in avail- 
ability are real and can cause large variations in the 
catch. 

In  assigning relative importance to abundance, fish- 
ing effort and availability with respect to catch fluc- 
tuations, no firm generalities can be made, owing to 
the different situations obtaining in the different fish- 
eries for different sp6cies. We may, for the moment, 
consider fishing effort to be constant and weigh the 
relative importance of abundance and availability un- 
der such a condition. It is still impossible to generalize 
beyond the facts that both abundance and availability 
can cause tremendous fluctuations in catch, and that 
their relative importance will have to be determined 
for each specific situation. One might expect that 
abundance would tend to be more important in deter- 
mining the catch in a fishery which is carried out over 
the entire range of a population, whereas availability 
would tend to be more important in a fishery which is 
carried out over only a fraction of the range of a 
population. 

Data available from the different fisheries of the 
world indicate that fluctuations in either abundance 
or availability can produce fluctuations in the catch a t  
least in the order of 25 to 1 and, in all probability, 
much greater (for example, in the Pacific sardine, the 
Irish pilchard and the Atlantic mackerel). 
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Background of Sardine Biology and of the Fishery 
The Pacific sardine (Sardinops caerulea) is a rela- 

tively small, herringlike, pelagic fish which is most 
commonly found in groups or schools. Some oQ these 
schools may contain as many as ten million fish, al- 
though one million or less is a more common number. 
The depth to which such schools may descend is not 
known. Most of Man’s experience has been, of course, 
with schools at or near the surface. Furthermore, sar- 
dine spawning takes piace between the surface and a 
depth of 125 feet, with most of it concentrated at a 
depth of approximately 30 feet. 

The distribution of the sardine has been known to 
include the area from the Gulf of California and off 
the west coast of Baja California, northward to south- 
eastern Alaska and offshore as much as 350 miles. We 
do not known what determines the distribution of 
the sardines (although some possibilities will be con- 
sidered subsequently) , but we infer that the sardines 
tend to distribute themselves with respect to their 
variable ocean environment and not with respect to 
the fixed geographic or political reference points 
urhich Man is prone to use. 

On the basis of tagging experiments and from evi- 
dence on the size and age composition of the catch 
in the different localities, it is known that sardines 
move about between the different localities within the 
general area of total distribution. Such movements 
have been believed to constitute a definite north (in 
spring and summer) and south (in fall) migration. 
The evidence for this will be reconsiderd in subse- 
quent sections of this paper. 

Sardine spawning is largely concentrated in the 
spring months. Notable exceptions to this are the 
progressively later spawning period as spawning pro- 
ceeds from south to north and the fall spawning in 
some bays on the west coast of Baja California. Two 
major spawning centers are known: one off southern 
California and one off central Baja California. It is also 
known that in some years spawning has occurred as 
far north as Oregon and Washington. Spawning also 
has been reported in the Gulf of California, but very 
little is known about the sardines in this area. 

It is well known that the success of spawning in 
sardines, as in many other species, is highly variable. 
In  some years many young fish survive and produce 
very large year-classes and in other years middling or 
very small year-classes result. 

Sardine eggs take about three days to hatch. At 
hatching, the larvae are tiny, threadlike creatures 
about 0.1 inch in length. By the time they are one 
year old, they are about 5.6 inches in total length, 7.7 
inches at  age 2, 9.1 inches at  age 3, 10.0 inches a t  
age 4 and so on. Almost half of the total length is 

achieved in the first year and by age 10 the total 
length is only 11.8 inches. 

Some sardines are believed to live as long as 25 
years. However, such old fish are exceedingly rare 
and the bulk of the population is ordinarily made up 
of fish one to four or five years old. Since the 1932-33 
season, the average age of the fish in the catch has 
been 3.2 years. For individual seasons during this 
period, the average age has ranged from 2.0 to 4.8 
years in the 1948-49 and 1933-34 seasons, respectively. 
Obviously, when a superabundant year-class enters 
the population the average age of the population will 
be low. In  successive years, as this large year-class 
“moves through” the population (Le . ,  becomes older) , 
the average age will progressively increase. This ten- 
dency will be emphasized when a large year-class is 
followed by a series of exceptionally small year- 
classes. 

Adult sardines are both filter and particulate 
feeders. That is, they swim through the water with 
their mouths open and use their gill rakers ( a  strain- 
ing apparatus) to filter or strain from the water the 
small plants and animals arid also a t  times pick out 
food itenis from the water (Radovich, 1952a). Studies 
have been made of stomach contents of sardines, but 
their food preferences, if any, are not known. The 
larvae do not yet have this filtering apparatus de- 
veloped. Because of their small size, they are limited 
as to what they may eat. The eggs and young stages 
of copepods are believed to form a large part of their 
diet. 

Very little is known about the behavior of the sar- 
dine, or the influence of the environment upon sar- 
dine behavior and distribution. We have only a few 
scattered bits of information, such as that the two 
major spawning centers are in areas of recently up- 
welled water which has certain unique chemical and 
physical characteristics. But we do not know why 
sardines spawn in these areas and not in other areas 
of upwelled water. There is a suggestion of differ- 
ences in schooling behavior in different parts of their 
range; surface schooling at night off California and 
by day off the Pacific Northwest. But we do not know 
why this is so. Thus, the major questions about be- 
havior remain unanswered. 

Turning from the fish to the fishery, fishing areas 
have been located off Vancouver Island, British Co- 
lumbia, off Grays Harbor, Washington, off Astoria 
and Coos Bay, Oregon, off San Francisco, Monterey, 
San Pedro and San Diego, California, and off Ense- 
nada and Cedros Island, Baja California. The growth 
of the fishery is well known and has been documented 
by Schaefer, Sette and Marr (1951) and in various 
publications of the California Department of Fish 
and Game (see Clark, 1952). The landings, by area 
and for the whole coast, are shown in Figure 1 and 
Table 1. 
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FIGURE 1. Panel A. Distribution, fishing areas and catch of the Pacific 
sardine, 1916-17 through 1953-54 seasons. Distribution shown by light 
areas, fishing areas shown by dark areas, catch for each area shown 

by histograms. 
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Seasons 
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Tons’ 

TABLE 1 

TONS AND NUMBERS OF SARDINES IN THE CALI- 
FORNIA CATCH. TONS IN THOUSANDS, NUMBERS 

1919 -20...---......... 
19ZQ-21.. ............. 
1921-22_. ............. 
1922-23.. ............. 
1923-24 ............... 
1924-25 ............... 
1 9 2 ~ 2 6  ............... 
192627 ............... 
1927-28.. ............. 

192930.. ............. 
1930-31 ............... 
193132 ............... 
193833.. ............. 
193334 ............... 
1 9 3 ~ 3 5  ............... 
1935-36.. ............. 
1f136-37~. ............. 
1937-38 ............... 

1939-40- .............. 
1940-41.. ............. 
1941-42.. ............. 
1 9 4 ~ 4 3  ............... 
1943-44 ............... 
1944-45.. ............. 
1 9 4 ~ 4 6  ............... 
1946-47 ............... 
1947-48 ............... 

1949- 50 ............... 
1950-51 ............... 
1951-52.. ............. 
19525% .............. 
1953-54 ............... 

192a29.. ............. 

193a39-. ............. 

1 ~ 4 a 4 9 . . . - . . . . . . - - . ~ .  

67 
38 
36 
65 
84 

173 
137 
152 
187 
254 
325 
185 
165 
251 
383 
596 
560 
726 
417 
575 
542 
461 
587 
505 
478 
555 
404 
234 
121 
184 
338 
353 
129 

6 
4 

Numbers’ 

299 
293 
273 
452 
546 

1,149 
940 
913 

1.056 
1,593 
2,264 
1,243 
1,091 
1,518 
2,270 
3,784 
3,439 
4,285 
3,072 
5,417 
4,682 
4.084 
5,319 
3,936 
3,452 
3,781 
2,804 
1,818 

907 
1,459 
2,608 
2,497 

957 
24 
20 

1 From Clark, 1952. 
f From Caldenvood, 1953, through 1950-51 and from Felin, et al. 

1952, 1953, 1954, for the remainder of the seasons. 

WHAT CAUSES FLUCTUATIONS IN THE SIZE 
OF THE SARDINE POPULATION? 
Estimates of Population Size 

Before we can consider how and why a population 
fluctuates in size, we must first be able to measure 
or estimate population size. In  the case of a marine 
fish, this is an  exceedingly difficult task which has to 

.\ - 

1920-21 25-26 x)-31 35-36 40-41 45-46 50-51 
S E A S O N S  

FIGURE 1. Panel B. California sardine catch. 

be accomplished in some more or less indirect manner. 
Because these difficulties have attendant uncertain- 
ties, it is desirable to estimate population size by as 
many independent methods as possible, so that they 
may be compared one with the other. 

In  the accompanying Figure 2 and Table 2 are 
given all of the available estimates of sardine popu- 
lation size, from the 1932-33 through 1953-54 seasons. 
These include several more or less different kinds of 
estimates, based on (1) catch data, (2)  catch and 
effort data, (3)  catch, effort and age data, (4)  tag- 
ging data, (5) accumulated age data,l (6 )  egg cen- 
suses and fecundity data, ( 7 )  scouting data and (8) 
scouting and catch data. These will be discussed in 
turn, with particular attention to the confidence or 
reliability which may be attributed to each and the 
direction in which they err ( i .e .3  whether or not they 
tend to be minimal or maximal). These estimates do 
not include fish less than one year old, very few year- 
old sardines and varying amounts of two-year-olds. 

(1) CATCH DATA 

The population estimates based on catch data are 
simply the number of fish, of all ages, landed in each 
season (column 1 in Table 2 ) .  The estimates prior 
to 1941 are derived from data given by Clark and 
Janssen (1945) , Eckles (1954), and Hart (1943). 
Subsequent to 1941 the numbers of fish in the catch 
are given in a series of papers by Felin et al. (1948, 
1949,1950,1951,1952,1953) and Mosher et al. (1949). 

The error associated with this kind of estimate is 
negligible subsequent to 1941. The estimates prior to 
1941 are not as precise as the later ones and the error 
may be somewhat larger. 

The numbers of fish caught in a season are obvi- 
ously minimal estimates of total population size. 
They fall below the true population size in the 
amount of the numbers of fish which survive to be 
caught in subsequent seasons, the numbers which are 
present on the fishing grounds but die naturally, and 
the numbers which are unavailable to the fishery and 
eventually die from natural causes. Furthermore, 
since fishing effort was low in the earlier seasons, 
natural mortality was probably greater in those sea- 
sons than in the later ones. I n  other words, the catch 
in the earlier seasons is a smaller fraction of the total 
population than it is in later seasons. 

(2) CATCH AND EFFORT DATA 

I n  order to adjust for the lesser amount of fishing 
effort in the earlier seasons, the total catch may be 
weighted by effort. This may be done by selecting a 
base year (1950-51 in this case), expressing the fish- 
ing effort in each of the other seasons as a fraction 
of that in the base year, and multiplying each sea- 
son’s catch by the appropriate ratio. Two series of 
effort data are available and are shown in Table 5 as 
1 What we call “accumulated age’’ h a s  previously been termed the 

“virtual population” by  F r y  (1 9 49) .  
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absolute numbers and as fractions of the base year. 
The weighted catch data are shown in columns 2 and 
3 of Table 2. These estimates more nearly approach 
the, total population than do the unweighted catch 
data, but are still minimal. Both series indicate that 
the population in the 30’s and early 40’s was mate- 
rially larger than in the more recent years. 

(3) CATCH, EFFORT AND AGE DATA 

The estimates based on these data arise from a 
method developed by Ricker (1940) and Silliman 
(1943) and elaborated by Widrig (1954). (The meth- 
ods of computation are moderately complicated and 
are not essential to this discussion. Those interested 
in the details may find them in the works cited, espe- 
cially the latter.) In  order to obtain precise estimates 
from this method, it is necessary to have independent 
information about either the rate of natural mortality 

A S O N  

or the degree of availability. Lacking these, it is 
possible to see how either must have varied under 
given conditions of the other. 

Such estimates are shown in columns 4 and 5 of 
Table 2. They pertain to fish 2-rings and older.2 The 
first series of estimates assumes that the fish have 
always been fully available. In  order to explain the 
observed changes under this assumption, the annual 
rate of natural mortality wodld, in some seasons, 
have exceeded 80 per cent. Moreover, there is other 
evidence (which will be discussed later) which shows 
that availability was not constant over a period of 
seasons, that the fish were never fully available and 
that natural mortality probably was not that great, 
except possibly in the older fish. 
2 By “2-ring” is meant a fish with two annual marks on its scales 

and which is therefore in its third year of life. 
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TABLE 2 

ESTIMATES OF POPULATION SIZE OF THE PACIFIC SARDINE, IN BILLIONS OF FISH 

1 

Season 
Catch 

1932-33.. - .__. - - __. 
1933-34. -. -. . . . . . . 
193435.. - - - -. - - -. 
1935-36. -. _. . . _. . 
1936-37. .. - -. -. -. . . 
1937-38. - -. . - -. . - - 
1938-39.. . -. . . -. . . 
1939-40- - -. -. . . . -. 
1940-41 .___.. _.._. 
1941-42--- _ _ _  _ _ _ _ _  
1942-43.. - - -. -. - - - - 
1943-44.. -. . . -. . . . 
1944-45.. -. - - -. -. . . 
194546.. . -. . . . .. . 
1946-47.. - -. - . . . . . 
1947-48.. -. -. . . -. - 

1949-50.. . -. . . . . . . 
1950-51.. . _. .. .. . 
1951-52. -. - - -. . . -. 
1952-53.. ._ - - - - ._ - 
1953-54.. . -. -. -. . . 

1 9 4 ~ .  - -. . . . - - - - 

1.6 
2.2 
3.7 
3 . 5  
4.8 
3 . 2  
5 . 0  
4 .3  
4 . 2  
6.0 
4.3 
4 . 0  
4.1 
3 . 0  
1.9 
1 .o 
1.5 
2.A 
2.6 
1 .o  
0.08 
_. 

2 

Catch 
and  

effort 
No. 1 

5 .5  
5 .6  
7 .9  
6.1 
5 .9  
3 .6  
5 .5  
5 . 0  
5 .3  
7.0 
6.5 
5.4 
4 .8  
3 .5  
2 .0  
1.1 
2 .5  
4 .5  
2.6 _ _  
._ _ _  

3 

Catch 
and  

effort 
No. 2 

10.5 
8.4 

11.7 
9 .2  
8 .9  
5 .5  
7 . 8  
7 .2  
8 .3  
9 . 8  
8.7 
7.3 
6 . 8  
5.1 
2.3 
1.2 
3.2 
6 .4  
2.6 
_. _ _  
_. 

4 

Catch. 
effort 

and  age 
No. 1 

20.0 
20.8 
42.7 
24.8 
39.3 
._ _ _  
.. 

2617 
26.6 
19.6 
22.4 
27.7 
6 .5  

32.0 

24.5 
.. 

.. 
_. _ _  _ _  

5 

Catch, 
effort 

and  age 
No. 2 

17.4 
17.2 
15.4 
16.0 
9 . 2  
9 .5  _ _  _ _  

14:8 
10.2 
6.9 
6 .6  
5.7 
7.1 
6.1 

17.0 
12.3 
11.0 
_. _ _  _ _  

1. Number of Ash in the catch. all aces: a minimum estimate of population size 
~~ 

2. Effort from Clark and Daugberty (1952) 
3. Effort from Widrig (1954) 
4. Minimum estimate of population of tlsb 2-rings and older, under condition of full 

availability with natural mortality variable (Widrig, 1954) 
5. Minimum estimated of population of Ash 2-rings and older, under condition Of 

1:r:flg availability with constant natural mortality of 33 per cent annually (Widrig, 
1504, 

6. Estimates of population of flsh of commercial size given by Clark and Janssen 

7. Estimates of population of Ash of commercial size based on data by Clark and 
(1945) 

Janssen (1945); see also text footnote 3 

The second series assumes a constant annual rate 
of natural mortality of about 33 per cent. Under this 
condition, maximum availability varies from about 16 
per cent to 100 per cent (since it is necessary to 
assume full availability in some base year). 

It is highly probable, if not certain, that neither 
the rate of .natural mortality nor availability is con- 
stant over a period of years. Until we have more 
information about these phenomena, it is impossible 
to state how reliable these estimates are, except to say 
that they are of the right order of magnitude. Because 
of the method by which the estimates are made, they 
are minimal. 

(4) TAGGING DATA 

The only large-scale tagging experiments on sar- 
dines were terminated at  the entry of the United 
States into World War 11. The results of this work 
have been summarized by Clark and Janssen (1945), 
who estimated that the average population of fish 
of commercial size (largely 2-rings and older) , over 
the period 1936-37 to 1943-44, was about 9 billion fish 
(column 6, Table 2 ) .  In  fact, they estimated the 
central California population to be about 9.0 billion 
fish and the southern California population to be 
about 9.3 billion fish and considered these to be two 
independent estimates of the same population. While 

6 

Tagging 
No. 1 

._ a 

_ _  e 

9 . 0  a 
9 . 0  g 
9 . 0  e 
9 . 0  
9.0 n 
9 . 0  v 
9 . 0  e 
9 . 0  r 

._ P _ _  e 

._ i 

_ _  d 

_. v 

.. r 

.. 

_. r 

_ _  0 

_. _ _  
_. 

7 

Tagging 
No. 2 

_ _  a 

_ _  e 

16.0 a 
16.0 g 
16.0 e 
16.0 
16.0 o 
16.0 v 
16.0 e 
16.0 r 

_ _  P _ _  e 

_. v 

._ r 

._ 

._ r 

._ 1 _ _  n 

.. d 
_. _ _  
._ 

8 

Accumu- 
lated 

age data 

6 .6  
8 . 3  

11.2 
9 . 8  
7 .9  
5.7 
7 .0  
6 . 8  
8 .4  

11.5 
9.1 
7 . 0  
5 . 8  
3.6 
1.7 
1.4 
2.7 
4 .3  
3 . 5  
1 .o 
0.1 _ _  

10 

Scouting 
No. 1 

11  

Scouting 
No. 2 

8. Minimum estimate of population of Ash 2-rings and older, based on numbers of fish 

9. Estlmate of total population of spawning Rsh, based on egg censuses and fecundity 

10. Estimate of t o w  Dopulatlon of Ash of commercial she, based on scouting and catch 

11. Estimate of total population of flsh of commercial she, based on scouting data 

12. Estimate of total population of flsb derived by considering catch to be I of propor- 

actually caught 

data 

data 

(weighted by area) and catch data 

tion of Rsh observed north of Ensenada by seoutlng 

it has been demonstrated that sardines migrate be- 
tween these two regions, nevertheless the fishing 
seasons in the two regions largely overlap in time and 
it is obvious that an individual fish cannot be. caught 
in both areas. Therefore, the two estimates pertain 
in part to the same group of fish and in part to 
separate groups. I n  other words, the estimate to draw 
from these data is somewhere between 9.0 billion fish 
if one group and 18.0 billion fish if two separate 
groups. This is borne out by the fact that estimates 
based on accumulated age data (discussed later) show 
a minimum average population, 2-rings and older, 
of 8.0 billion fish during this same period. 

Clark and Janssen (1945 : 30) estimate the “average 
fishing mortality independent of natural mortality ” 
to be 35 per cent for the entire coast (but did not 
believe this to be a, reliable estimate).3 Taking 
natural mortality into account, this is the equivalent 
8 One o f  u s  (Clark) does not believe that the tagging data s h o u l d  

be used to  estimate rates o f  f i s h i n g  and natural mortality 
because o f  the e f f e c t s  o f  emigration and immigration through- 
out the areas fished. For the C a l i f o r n i a  f i s h e r y  o n l y ,  the above 
calculation y i e l d s  a n  estimate o f  43 per c e n t  f i s h i n g  mortality. 
Since the P a c i f i c  Northwest f i s h e r y  was ,drawing f r o m  the 
same population a n d  sardmes were movmg f r e e l y  in both 
directions between the two f i s h i n g  g r o u n d s ,  the mortality f o r  
the entire coast cannot be less than f o r  C a l i f o r n i a  and the 
values are incompatible. The other ( M a r r )  believes these data 
can be used to yield point e s t i m a t e s ,  the error o f  which is 
not known (see f o o t n o t e  4 ) .  I n  f a c t ,  the d i f f e r e n c e  noted by 
C l a r k  is just  what would be expected if emigration o u t  o f  
C a l i f o r n i a  were occurring and the d i f f e r e n c e  could be used to 
yield a measure o f  such e m i g r a t i o n .  
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of an exploitation rate of 28 per cent. On the basis 
of an average annual catch of 4.5 billion fish (Clark 
and Janssen. 1945 : 31), a total population estimate 
of about 16  billion fish results (column 7, Table 2).4 
This population estimate is in agreement with one 
made by Clark in the present paper (see page 40). 

It is impossible to ascertain the confidence to be 
assigned to estimates based on these tagging experi- 
ments, owing to the many possible sources of error. 
These include tagging mortality, tag shedding, and 
efficiency of tag recovery, for which corrections have 
been made, and variations in availability, including 
differential movements according to size, to name but 
four sources. 

It is also impossible to ascertain whether such esti- 
mates are minimal or maximal, for the above-men- 
tioned sources of error may affect the estimate in 
either direction, depending upon the nature of the 
error. 

(5) ACCUMULATED AGE DATA 

The population estimates arising from accumulated 
age data (column 8, Table 2) are, like the first esti- 
mate described, based on fish actually caught, but 
pertain to fish 2-rings and older. They differ from 
the first estimate in that fish present in a given 
season, but not actually caught until subsequent sea- 
sons, are included in the estimate for  that given 
season. For  example, the accumulated age population 
estimate for the 1942-43 season includes ( a )  all the 
fish caught in that season, (b) all of the fish of the 
1940-class caught in subsequent seasons, (e) all the 
fish of the 1939-class caught in subsequent seasons, 
and so on, for each year-class (except the 1941 and 
1942) present in the 1942-43 season. The data from 
which these estimates are developed are cited under 
the first estimate. 

Subsequent to 1940, the error associated with this 
kind of estimate is negligible. Prior to 1941 there are 
two additional source& of error. First, for the period 
1932-33 through 1937-38 ages were determined from 
otoliths. The otolith samples were not weighted to the 
catch at  the time of sampling. Second, age data for 
the period 1938-39 through 1940-41 are incomplete 
and some interpolations have been necessary. 
& I t  has  been Dointed out (Ricker. 1948:69-72) that  the method 

used by Clark and Janssen to estimate the number of effective 
tags out a t  the beginning of  the season of tagging, and con- 
sequently the rate of exploitation, is somewhat in error. How- 
ever, it  is possible to estimate the rate of exploitation in the 
first seamn after tagging under the condition that the annual 
natural mortality rate of the tagged fish is the same in the 
season of tagging as in the season after tagging. If natural 
mortality occurs concurrently with fishing mortality. then the 
rate of exDloitation is 22.6 Der cent for the California releases. 
If naturai  mortality occurs only between fishing seasons, then 
the rate of exploitation is 21.5 per cent. These rates lead to  
estimates of population size of about 19.9 billion and 20.9 
billion fish, respectively. These estimates are based on re- 
coveries for the whole coast, so emigration to the north o€ 
California is taken into account. Emigration to the south of 
California would tend to make the population estimates too 
high, but only slightly too high. Immigration to California 
from the south is taken into account. 

The accumulated age population estimates are min- 
imal. They fall below the true population size by the 
numbers of fish which are present on the fishing 
grounds but die naturally and by the numbers of fish 
which are unavailable to the fishery and eventually 
die naturally. The ratio of these estimates to the 
actual population size undoubtedly varies from year 
to year. 

(6) EGG CENSUSES AND FECUNDITY DATA 

Population estimates based on these data (column 9, 
Table 2)  require that the total number of eggs spawned 
each year be determined and that the fecundity of the 
sardine be known. The size of the spawning p o p -  
lation is then simply estimated by dividing the total 
number of eggs spawned in a given year by the 
number produced per female and multiplying by two, 
to take into account the males. These estimates refer, 
roughly, to one-half of the 2-ring fish and all older 
fish, since about one-half of the 2-ring fish spawn. 
It should be mentioned that these estimates are not 
necessarily strictly comparable to those based on 
catch data. 

The methods of estimating the total number of eggs 
spawned per year have been described by Sette and 
Ahlstrom (1948) and by Ahlstrom (1954). Briefly, 
they involve taking regularly spaced samples through- 
out the spawning season and area, expressing these 
in terms of a standard volume of water and inte- 
grating over time and space to get the total for the 
year. 

Fecundity estimates were given by Clark (1934) 
who found more than one maturing group of eggs in 
the ovaries of ripening females and concluded that 
sardines spawn, on the average, three batches of eggs 
per year. From her table of number of eggs spawned 
per batch, we have estimated that an average spawn- 
ing comprises about 33,000 eggs and with three 
spawnings per season a total of approximately 
100,000 eggs would be produced per female. 

‘As in the case of estimates based on tagging, it is 
not now possible to state the confidence associated 
with the egg census-fecundity estimates. Errors may 
arise from either type of information. The greatest 
source of error in the egg census data accrues from 
necessary assumptions concerning the distribution of 
eggs between stations in space and time. Preliminary 
attempts to test these assumptions indicate that, a t  
worst, the true number of eggs spawned in any given 
year may be as much as one-half or twice the esti- 
mate ; the true number and the estimate may be much 
closer. 

The greatest source of possible error in the fecun- 
dity estimates is the assumption that more than one 
batch of eggs is spawned per year. This needs further 
investigation and work toward its solution is being 
carried out. Obviously, if only two batches are 
spawned per year the population estimate would be 
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half again as large and if only one batch is spawned 
it would be tripled. If four batches are spawned per 
year, the population estimate would be rednced by 
one-fourth. 

Although it is impossible to state whether these 
estimates are minimal or maximal, they are most 
likely minimal, since the majority of the sources of 
error tend in that direction. 

(7) SCOUTING DATA 

A sixth source of data with which to estimate pop- 
ulation size is the schools of fish which are located 
and sampled from research vessels (Radovich, 
1952b). The method includes an estimate of the rate 
of natural mortality, based on the decline in succes- 
sive seasons of the younger year-classes which are not 
yet in the fishery. Two series of estimates arise, de- 
pending on how the data are combined (columns 10 
and 11, Table 2). 

In  the first series (column l o ) ,  the pooled data 
(from all areas) for 1950 and the pooled data for 
1951 are used to determine the total mortality rate 
for each year-class and for all year-classes combined. 
For the younger year-classes which are not yet in the 
fishery, the total mortality rate, about 40 per cent, is 
assumed to be the natural mortality rate. The total 
mortality rate for those year-classes in the fishery is 
about 56 per cent (from Radovich, 1952b, Tables 2 
and 4 ) .  From those values, the fishing mortality rate 
can be estimated as 21 per cent. An estimate of the 
total population size follows from dividing the total 
commercial catch by the fishing mortality rate. 

An alternative method leads to the second series 
(column 11). This method differs from the first only 
in the weighting of the data in each area by the 
linear distance of the coast in each area. 

Scouting data on which to base population esti- 
mates subsequent to 1951 are not available. 

The error associated with these estimates is un- 
known. Possible sources are the assumptions neces- 
sary to the method, including the assumptions that 
all or a constant proportion of the fish are distrbuted 
within the 100-fathom curve, that the north and south 
extent of the population is included in the surveys, 
that samples obtained from individual schools are 
representative of those schools, and that schools in the 
several areas contain approximately the same number 
of fish. 

Neither can it be stated with certainty whether 
these estimates are minimal or maximal. 

(8) SCOUTING AND CATCH DATA 

Another way of utilizing the scouting data to esti- 
mate population size is to compare the percentage of 
fish found by the surveys to be north of Ensenada 
in the fall with the number of fish caught that season 
(Radovich, 195213 ; Marine Research Committee, 
1953). For example, in 1951, 28 per cent of the fish 

were north of Ensenada. If half of these were caught, 
then 14 per cent of the population was 0.96 billion 
fish and the total population was 6.8 billion fish 
(column 12, Table 2 ) .  If the whole group were 
caught, which is highly improbable, the population 
estimate would be 3.4 billion fish. The latter estimate 
is minimal. 

Again, the possible error of such estimates is un- 
known. The possible sources include those discussed 
under ( 7 ) ,  plus assumptions concerning the percent- 
age of the fish north of Ensenada that were caught. 

Similarly, the remarks under (7 )  concerning 
whether the estimates are minimal or maximal apply 
here. 

Summarizing the information on estimates of the 
size of the sardine population, such estimates are 
available from the 1932-33 season to the present. They 
have been made by several different methods, at least 
one of which, the egg census, is completely inde- 
pendent of the others. The possible sources of error 
in these estimates have been stated, the confidence or 
reliability which may be attached to  each has been 
given, and whether they tend to be minimal or maxi- 
mal has been indicated. Two estimates (“catch” ana 
“accumulated age”) have the least error associated 
with them. But they are both minimal estimates, as 
explained above. The error associated with the other 
five estimates has not yet been assessed. 

The extremes of estimated population size over the 
period 1932-33 to 1953-54 have been in the order of 
2 billion to 30 billion, with an average minimal popu- 
lation size over this period of perhaps about 6 billion 
fish. (This estimate of average population size is based 
on accumulated age data and is therefore minimal. 
The true value is unknown; it may be as much as 
twice as great.) The range in population size from 
1950-51 to 1953-54 has been 2 billion to 12 billion with 
an average size of about 5.6 billion fish. (These latter 
estimates are based on egg census-fecundity data and 
are most likely minimal.) 

There is no cyclic pattern in time of the fluctuations 
in population size. The accumulated age estimates 
show peaks of abundance in the middle ~ O ’ S ,  in the 
early 40’s and in the late 40’s. 

While, as indicated, there is some uncertainty about 
the exact absolute value to assign to these fluctuations 
in population size, there is no doubt that such fluctua- 
tions are real. We may now consider the origin of 
these fluctuations in the size of the sardine popula- 
tions. 

Additions t o  tbe Populations-Year-Class Size 
Such fluctuations in population size (in numbers) , 

as earlier described, arise from the difference between 
the additions to and the subtractions from the popu- 
lation during a given time period. Because of the 
characteristics of the sardine fishery, a convenient 
time period to consider is one year ; the additions to 
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Season 

~- 
1932-33-- 
1933-34-- 
1934-35.- 
193536.. 
1936-37.. 
1937-38.. 
193&39-- 
1939-40.- 
1940-41-. 
1941-42_- 
1942-43-. 
1943-44_- 
1944-45_- 
1945-46- - 
1946-47-. 
1947-48. - 
1948-49- - 
1949-50.. 
195cL51.. 
1951-52.. 
1952-53.- 

the population will consist of the members of a new 
year-class and the subtractions from the population 
will consist of those fish which are caught or other- 
wise die. (On a weight basis a population may also 
increase through the growth of its members. This is 
discussed in a subsequent section on "yield per re- 
cruit.") 

Minimal estimates of the size of the 1930- through 
1950-classes are available from the same data which 
provide the accumulated age estimates of total popu- 
lation size. These are given in Figure 3 and Table 3. 

1 

Enter- 
ing 

year- 
Class 

1930 
1931 
1932 
1933 
1934 
1935 
1936 
1937 
1938 
1939 
1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 

1 

0 I ' " ' " "  
1930 1935 1940 1945 1 9 M  

Y E A R -  C L A S S  

FIGURE 3. Estimates of year-closs size of the Pacific sardine, classes 
1930 through 1950. Estimates are derived in the same monner as the ac- 
cumulated oge population estimates, and include fish two rings and older. 

6 

:olumn 
(2) +- 

3olumn 
(5) 

0.29 
0.66 
0.78 
0.31 
0.23 
0.78 
1.59 
1.27 
1 . 4 0  
1.67 
0.49 
0.37 
0.66 
0.64 
1.12 
1.33 
2.86 
1.53 
1.06 
0.05 
0.01 

TABLE 3 

ESTIMATES OF YEAR-CLASS SIZE AND SPAWNING STOCK SIZE 
IN THE PACIFIC SARDINE, IN BILLIONS OF FISH 

7 

Spawn- 
ing 

stock 
size 

5.9 
6.7 
8 .7  
8 .7  
7 . 2  
4 . 4  
4 . 8  
4 .9  
6 .0  
8.0 
7 . 6  
6 . 0  
4 .6  
2.9 
1.3 
0 .9  
1.7 
3 .0  
2.6 

~ 
~ 

2 
Size 
of 

entering 
year- 
C l s s s  

1 .5  
3 . 3  
4 . 9  
2.3 
1.5 
2.5 
4.3 
3 . 8  
4 . 9  
7 . 2  
3 .0  
1.9 
2 .3  
1.4 
0 . 9  
0 .8  
2 .0  
2.6 
1.8 
0.05 
0.01 
- 

~ 
~ 

3 

Catch 

__ 

1.6 
2.1 
3.7 
3.5 
4.7 
3 . 0  
4.1 
3 .4  
3 . 8  
5.6 
4.1 
3.5 
3 .6  
2.7 
1 .2  
0.7 
1 .o 
2.5 
2.6 
0 . 9  
0.08 
- 

- 
~ 

4 
Popula- 

tion 
(accu- 
d a t e d  
age) 

6.6 
8 . 3  

11.2 
9 . 8  
7.9 
5.7 
7.0 
6.8 
8.4 

11.5 
9.1 
7 . 0  
5 . 8  
3 . 6  
1.7 
1 .4  
2.7 
4 .3  
3 .5  
1 .o 
0 .1  

- 
~ 

5 
Popula- 
tion less 
mtering 
year- 
class 

5 .1  
5 . 0  
6 . 3  
7 .5  
6 . 4  
3 . 2  
2.7 
3 . 0  
3 .5  
4 .3  
6.1 
5.1 
3 .5  
2.2 
0 .8  
0 . 6  
0.7 
1.7 
1.7 
0.95 
0.09 

The average minimal year-class size (at 2-rings) over 
this period is 2.5 billion fish. The range in year-class 
size has been 0.01 to 7.2 billion fish, a ratio of 1 : 720. 
If the smallest year-class (1950) is omitted, the ratio 
is 1 : 144. If the two smallest (1950 and 1949) are 
omitted, the ratio is 1:9.  However, since these two 
smallest year-classes have so drastically affected the 
sardine population, they cannot be disregarded. They 
are in part responsible for the abrupt decline in the 
sardine fishery during the 1952-53 and 1953-54 sea- 
sons. 

In  addition to the estimates of absolute year-class 
size, it is pertinent to compare each year-class to the 
population to which it is added. Such comparison is 
given in column 6 of Table 3 and is shown in Figure 
4. This is simply the size of each year-class expressed 
as a percentage of the population to which it is added. 
Over the entire period, year-class sizes have, on the 
average, amounted to 91 per cent of the stock sizes 
to which they were added. The range is from 1 per 
cent to 286 per cent. 

As in the case of the estimates of stock size, there 
is also uncertainty about the absolute value to assign 
to the estimates of year-class size. But again there is 
no doubt that year-classes do vary in size and that 
these variations are considerable, not only between 
year-classes, but also with respect to the populations 
to which the year-classes are added. 

What is the source of these variations in year-class 
size ? Unfortunately we cannot yet identify precisely 
the source (or sources). We can, however, eliminate 
some potential sources as possibilities and indicate in 
general what the source must be. 

As was mentioned earlier, it has been postulated (or 
assumed) by a number of fishery biologists that year- 
class size is in fact a function of spawning stock size. 
Although the exact form siich a relationship would 
take is not known on theoretical grounds, some sub- 
jective examples have been given (see Herrington, 
1948, and Ricker, 1954, for example). I n  general, this 
hypothesis is based on the following reasoning: When 

FIGURE 4. Size of each entering year-class of sardines (age 2) com- 
pared to remainder of papulation. 
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spawning stock size is small, year-class size is small, 
because relatively few eggs are produced and the re- 
sulting larvae must endure considerable inter-specific 
competition. As stock size increases, greater numbers 
of eggs are produced, inter-specific competition is less 
important and larger year-classes result. As stock size 
continues to increase, intra-specific competition be- 
comes limiting and year-class size again decreases. 

It is important to note that under this hypothesis, 
if such a relationship is to obtain consistently from 
year to year, then all other conditions ( i .e. ,  environ- 
mental variables which influence survival rate) must 
be constant. If such a relationship is to obtain on the 
average, then the deviations of individual years from 
this average may be attributed to variations in the 
environment (i.e., all other conditions are not con- 
stant). 

It is obvious that a t  some small spawning stock size, 
year-class size must be a function of stock size. Above 
this particular stock size, whatever it may be, there 
exist the possibilities that the hypothesized relation 
obtains because survival rate is relatively constant 
or that the hypothesized relation does not obtain be- 
cause the variations in survival rate are so great as  
to obscure the relationship. I n  considering 'any par- 
ticular species, there are, then, two important ques- 
tions: (1)  What is the spawning stock size below 
which year-class size is a function of stock size? (2)  
Above this spawning stock size, what is the magnitude 
of variations in survival rate relative to the magni- 
tude of variations in spawning stock size? 

Before examining the sardine data with respect to 
these questions, we may consider in general. what 
might be expected under three possibilities: (1)  year- 
class size a function of stock size only; (2)  year-class 
size a function of environment only; and (3)  year- 
class size a function of both stock size and environ- 
ment. If year-class size is a function of stock size 
only, then variations in year-class size would not ex- 
ceed variations in stock size. Furthermore, variations 
in stock size should produce predictable variations 
in the size of year-classes. On the other hand, if year- 
class size is a function of environment only, then 
variations in year-class size could exceed those in 
stock size. I n  fact, we might a priori expect them to, 
sinbe we know that the environment is highly variable. 
Variations in stock size would not be expected to pro- 
duce predictable variations in the size of pear-classes. 
Finally, if both variations in stock size and in en- 
vironment are operating, the resulting data become 
complicated and it is very difficult to measure the 
effect of either factor independently of the other. 

We have been unable to reach an agreement on 
whether the size of the spawning stock determines the 
size of the year-classes. In  the following few pages 
each of us will in turn outline his reasoning on this 
point. 

Marr's interpretation is this : 
"One might approach this problem by comparing 

average stock size and average year-class size in two 
different periods. For example, we may compare 
these averages for the periods 1932-1939 and 1940- 
1950. (This division is arbitrary: there is no theo- 
retical reason for it.) The averages are: 

1982-1939 1940-1950 
Stock size --_-_-----_------ 6.4 billion 4.1 billion 
Year-class size _ - _ _ _ _ _ _ _ _ _ _ _  3.9 billion 1.5 billion 

The difference between average stock size in the two 
periods is significant. The difference between average 
year-class size in the two periods is significant. Both 
average stock size and average year-class were kmaller 
in the more recent than in the earlier period. 

l 1  However, even though the differences between 
the two periods are significant, the method of aver- 
aging over two time periods does not enable us to 
tell which is cause and which is effect. That is, we 
cannot tell whether year-class size decreased because 
stock size decreased or whether stock size decreased 
because year-class size decreased. If, for example, 
year-class size decreased in the later period because 
of environmental conditions, then stock size would 
decrease as a consequence. 

"In order to be able to make a choice between the 
two alternatives, we must examine the data by indi- 
vidual years. If stock size decreased as the result 
of an independent decrease in year-class size, we 
would expect to find that stock size increased when 
large year-classes were added to the stock and that 
stock size decreased when small year-classes were 
added. 

"We have already seen (Figure 4) that over the 
period 1932-33 through 1952-53 year-classes have, on 
the average, amounted to 91 per cent of the popula- 
tions to which they were added. In  Figure 5 are shown 
the total population (column 4, Table 3)  and the 
size of the entering year-class (column 2, Table 3) ,  

FIGURE 5. Pacific sardine: Size of entering year-class compared with 
total population, in numbers, 1932-33 through 1952-53. 
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1932-33 through 1952-53. Here the year-classes are 
associated with the populations which they entered, 
not with the populations which produced them. It is 
obvious that the increases and decreases in total popu- 
lation size are associated with increases and decreases, 
respectively, in the size of the entering year-classes. 

“ I n  general on the basis of logic, and specifically 
from the data of Figures 4 and 5 ,  it is obvious that 
the size of the entering year-classes has a large influ- 
ence on the size of the populations to which they are 
added. 

SPAWNING STOCK S I Z E  Billions of Fish 

FIGURE 6. Pacific sardine: Year-class size plotted as a function of 
spawning stock size. 

“Now, to consider the alternative, what influence 
does the size of the spawning stock have on the year- 
classes i t  produces? In  Figure 6, year-class size (col- 
umn 2, Table 3)  is plotted as a function of spawning 
stock size (column 7, Table 3) .  Year-class size is com- 
pared with stock size in the season following spawn- 
ing; i .e . ,  the 1932-class with stock size estimated in 
the 1932-33 season, etc. As previously stated, all of 
these estimates are minimal. Furthermore, since the 
range of the sardine is now about one-third of its 
former range and since in some recent years its range 
has been almost entirely outside of the distribution of 
the U. &-Canadian fishery, the more recent estimates 
of year-class size fall below the true size to a greater 
extent than do the earlier estimates. 

“Inspection of Figure 6 suggests that, for the sar- 
dine, the small spawning stock size below which year- 
class size is a function of stock size, must be at or 
below the smallest stock size observed. Furthermore, 
above this stock size there is no apparent relationship 
between year-class size and spawning stock size (over 
the range of observed stock sizes). 

“ I n  order to test the latter statement, a curve was 
drawn (subjectively) such that it would give the 
smallest possible variance and conform in general to 

the hypothesis. This is shown by the two lines (in- 
verted-V) in Figure 6. The horizontal line passes 
through the common mean of all the points. The vari- 
ance about the fitted line is 16 per cent less than the 
variance about the line through. the comrron mean. 
However, this small difference is not significant ; it is 
such that it could have arisen by chance alone. Simi- 
lar results were obtained in testing other possible 
relationships. 

“We may now reiterate, for the sardine, the an- 
swers to the two questions posed above: (1)  Year- 
class size is a function of spawning stock size only 
at or below the smallest observed stock size. (2)  Above 
this stock size, and over the observed range of stock 
sizes, variations in survival rate are so large that they 
obscure any theoretical relationship which may exist 
between stock size and year-class size. ” 

Clark’s interpretation is this : 
“ There are several approaches to the problem of 

determining the relation between spawning stock size 
and the size of the year-class produced by a given 
spawning stock. As shown by Man,  the stock sizes 
and the resulting year-class sizes of the 30’s exceeded 
those of the ~ O ’ S ,  the stock sizes by 1.6 times and the 
year-classes by 2.3 times. As demonstrated by Figure 
5 a decrease in year-class size results in a decline 
in the total population when the year-class is two or 
three years old and has reached maturity. This rela- 
tion is clear and easily demonstrated. The influence 
of stock size on year-class size is not so clearly 
evident. 

“TO clarify this point, the size of the spawning 
stock to the year-class it produces is compared in 
Figure 7. The data for this figure are taken from 
column 2, Table 3, for year-class size and column 7 
for size of spawning stock. The spawning stock in a 
given season is compared with the year-class pro- 
duced at  the termination of that season, i .e.,  1932-33 
season with 1933 year-class. This comparison again 
demonstrates that both population and year-class 
sizes were at  a higher level in the 30’s and the early 
part of the 40’s and that a decline in both occurred 
in the late 40’s and early 50’s. 

O ’ , . ’ I  I , , ,  I , , , , , , ,  L __.,---I 
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FIGURE 7. Pacific sardine: Size of spawning population compared with 
size of year-class produced by each season‘s spawners. 
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“ I n  four seasons, 1937-38, 1938-39, 1946-47 and 
1947-48, the resulting year-class exceeded in num- 
bers the estimated numbers in the population which 
produced it. The 1939-class was 1.5 times the spawn- 
ing stock and the 1947- and 1948-classes twice the 
stock size. Presumably this indicates unusually favor- 
able environmental conditions when these year- 
classes were produced. The 1947- and 1948-classes, 
produced under favorable conditions but a t  low 
population levels, were, however, less than half the 
size of year-classes produced under a combination of 
favorable environment and high population levels. 
This suggests that low year-class level in the more re- 
cent seasons has a high probability of being associated 
with low population levels. Of further concern is 
the continued low level of recruitment from the year- 
classes following 1951. Evidence from the fish surveys 
(Radovich, 1952b, and following seasons) indicates 
that the 1952 through 1954 year-classes have added 
little more to the population than did the 1949, 1950 
and 1951 year-classes. 

“ A  further suggestion of the relation between 
spawning stock and year-class size is to be found in 
Figure 6 .  A spawning stock size of less than 4 billion 
fish produced no year-class exceeding 2.5 billion, 
whereas when stock sizes were larger than 4 billion, 
seven of the resulting year-classes equalled or ex- 
ceeded 2.5 billion and only six fell below this amount. 
These data suggest that a stock size a t  some point 
between 4 and 8 billion might correspond to the theo- 
retical value (Ricker, 1954) at which the resulting 
year-class is the least dependent on stock size, thus 
representing the optimum stock size for greatest re- 
cruitment. Below this range (4-8 billion) year-class 
size may be in part dependent on stock size because 
too few eggs are produced. Above this range year- 
class size may again be partly dependent on stock 
size. ’ ’ 

We may summarize the answers to the two ques- 
tions posed above : (1) What is the spawning stock 
size below which year-class size is a function of stock 
size? We do not agree in our interpretation of the 
available data. (2 )  Above this spawning stock size, 
what is the magnitude of variation in survival rate rela- 
tive to the magnitude of variation in spawning stock 
size? We can only state that either there is no rela- 
tionship between year-class size and stock size, or, if 
there is such a relationship, the natural variation 
about it is so great that the relationship is obscured. 

Let us seek the causes of variations in year-class size 
in the environment. Forty years ago Hjort (1914) 
suggested that the size of a year-class was fixed early 
in its history and, in fact, during the first few days 
or weeks of its existence. He reasoned that to survive 
newly hatched larvae must have adequate amounts 
and kinds of food available a t  the time of yolk sac 

absorption and the presence or absence of food at  this 
stage determined the size of the year-class. 

No evidence bearing on Hjort ’s hypothesis was 
available until Sette (1943) presented an early sur- 
vival curve for one year-class of Atlantic mackerel. 
During the first sixty days of life, which his data 
covered, there was no “critical period,” but rather a 
constant rate of decline or survival. The survival rate 
was so small, however, that a very small change, pro- 
jected into the future, would make a tremendous 
change in the size of the year-class as adults. 

We now have similar data for the sardine for three 
different year-classes : 

Survival per 100,000 eggs 
Year-class to  age 1 month 

1950 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  775 
1951 ________________-_______________  750 
1952 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1,675 

None of these year-classes is very large ; in fact, they 
are all very small. Nevertheless, the survival rate to 
age 1 month is about twice as large for the 1952-class 
as it is for the 1950- and 1951-classes. Young-fish sur- 
veys indicate that as O-ring fish the 1952-class was 
still about twice as large as the two preceding year- 
classes. 

We cannot state with any assurance what the spe- 
cific causes of these variations in survival rates are. 
It is fairly safe, if general, to state that they are the 
result of the interaction of varying rates of death 
from predation and death from starvation. Both of 
these, however, represent complex biological and 
physico-chemical chains which we do not yet under- 
stand. 

Summarizing the information on year-class sizes, 
the 1930- through 1950-classes have averaged 2.5 bil- 
lion fish and have varied from 0.01 (1950) to 7.2 
(1939) billion fish. These year-classes have averaged 
91 per cent of the size of the populations to which 
they were added, but have ranged from 1 per cent 
to 286 per cent. Over the range of stock sizes observed, 
there is a difference of interpretation as to whether 
year-class size is a function of stock size (see preceding 
pages). Survival rate during the first few weeks of life 
and again at  about six months is being measured each 
year, but the specific causes of variations in these 
rates have not yet been found. 

Subtractions Prom the Population-Mortalities 
As mentioned previously, losses from a population 

arise from deaths or mortalities. Some of these are 
attributable to fishing and the remainder to a host 
of natural causes. If a fishery is appropriately dis- 
tributed with respect to the fish population, it is pos- 
sible, by determining the age composition of the catch 
in successive seasons, to estimate the total mortality 
rate. It is not possible to partition total mortality into 
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Fishing mortality 1 Natural  mortal i ty  

fishing and natural mortality without additional in- 
formation, which might be obtained by a tagging ex- 
periment, for example. 

However, if fishing effort is not appropriately dis- 
tributed with respect to the fish population, the esti- 
mate of total mortality rate will pertain to the fished 
population and not necessarily to the total population. 
Fish which move from the unfished to the fished popu- 
lation, or vice-versa, will introduce anomalies into the 
estimates of total mortality rate. Fish moving into the 
fished population will cause the estimate of total mor- 
tality to be too low; those moving out will cause i t  
to be too high. 

The latter situation obtains in the case of the sar- 
dine ( ie . ,  fish moving in and out of the fished popula- 
tion). With this limitation in mind, we will consider 
the various available estimates of mortality rates ; 
fishing and natural as well as total. 

Catch,  
effort 

and age 

(1) TOTAL MORTALITY RATES 

These rates may be estimated from (a)  catch, effort 
and age data, (b)  tagging data, (e)  accumulated age 
data, (d)  scouting data, and (e) length frequency dis- 
tributions and growth data (Table 4 and Figure 8) .  

Catch,  Catch,  
Tagging Accumu-  effort effort Tagging Tagging Scout ing  Egg Tagging Tagging Scout ing  

lated  a n d  age andage No. 1 No. 2 censuses N o .  1 No. 2 

(a) Catch, effort and age data: The method and 
source of data have been referred to in an earlier 
section. The estimates are given in columns 1 and 2 of 
Table 4. They assume that availability is not constant 
and that natural mortality is constant a t  an annual 
rate of about 33 per cent. The first series of estimates 
(column 1) pertains to only the fished area, while the 
second (column 2 )  pertains more nearly to the total 
population. 

Using the second series of estimates, we see that 
total mortality increased up to the 1936-37 season, 
was fairly constant up to the 1941-42 season, increased 
to 1944-45 and dropped after that. Total mortality has 
averaged about 57 per cent over the period 1935-37 
through 1950-51. 

The amount of error in these estimates is unknown, 
but may be as much as 15 per cent. Since the estimates 
assume full availability in season 1944-45 and since 
the fish are probably never fully available, the esti- 
mates tend to be maximal. 

(b) Tagging data: Clark and Janssen (1945) and 
Janssen (1948) summarized returns from California 
taggings on all fishing grounds. From these sum- 
maries the ratio between all tags recovered in one sea- 

age data data 
N o .  1 N o .  2 

Catch,  
effort 

a n d  age 

Season 

___ 

8 
12 
23 
21 
48 
27 _ _  
_. 
.. 
32 
36 
44 
52 
46 
16 
10 
6 

20 
24 _ _  
._ 
.. 

__-_ 
.. a 

_ _  e 
.. v 

28150 
28-50 g 
28-50 e 
28-50 
28-50 o 
28-50 v 
28-50 e 
28-50 r 

- -  P 
.. e 
.. r _ _  i 

_ _  d 

_. 

_ _  0 

._ 

.. 
_. 

1933-34-. ........... 
1 9 3 4 4 . .  ........... 
1935-36_-. ........... 
193637.. ........... 
1937-38 .............. 
1938-39.. ............ 
1939-40-. ............ 
1940-41-. ........... 
1941-42.-.-- ........ 

........ 3::::: 1. ......... 
1944-45.. ............ 
1945-46-. ............ 
1946-47.. ............ 
1947-48.. ........... 
1948-49 .............. 
1949-50. ............. 
1950-51.. ............ 
1951-52 ................ 
1952-53.. .............. 
1953-54.. .............. 
~ ~~ 

39 
42 
51 
50 
71 
55 
_. 
.. _ _  
59 
62 
67 
73 
69 
45 
41 
38 
49 
51 _ _  
._ 
.. 

55 
59 
63 
71 
72 
75 
73 
69 
74 
69 
71 
73 
73 
81 
81 
68 
66 
85 

__ 

_ _  _ _  _ _  
65 
6F 
75 
50 
48 
58 
87 
77 
70 

33 
36 
59 
53 
59 
50 
45 
49 
45 
50 
62 
75 
71 
50 

74 

_ -  80 
:: I 90 

- -  I - -  

22 
28 
32 
37 
48 
50 
53 
51 
46 
52 
45 
48 
51 
50 
61 
61 
44 
41 
68 _ _  
.. _ _  

1. Pertinent to the available population only, with natural mortality constant at 
ahnut 33 ner rent. ............... 

2. Pertinent t o  more nearly the total population, with natural mortality constant at 
about 33 per cent. 

3. From tag recovery tables given by Clark and Janssen (1945). 
4. Numbers of Rsh caught divided by “accumulated age” estimate of number of flsh in 

the population. 
5 .  See footnote 1. 
6. See Pootnote 2. 

___- 
._ a 

.. e _ _  r 
22-39 a 
22-39 g 
22-39 e 
22-39 
22-39 o 
22-39 v 
22-39 e 
22-39 r 

_ _  v 

.. 

.. 

.. e 

.. r _ _  I 

.. 0 

.. d 

.. _ _  

.. I - -  
7 a d 8. Higher values from tagging data given by Clark and Janssen (1945) ; loner 

9. Derived from data given by Radovich (1952). 
10. Numbers of flsh caught divided by “em censuses” estimates of a number oP Rsh in 

inlues driived by Blarr from the same data: see also text footnote 3. 

. . .  
the population. 

11. See footnote 3; see also text footnote 3. 
12. See footnote 8; see also text footnote 3. 
13. See footnote 9. 
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FIGURE 8. Panel A. Pacific sardine: Estimates of total mortality. 

son and all tags recovered in the next season was 
calculated for the seasons 1937-38 through 1945-46. 
This series of ratios (column 3, Table 4)  constitutes 
the second estimate of total mortalities. In  the late 
~ O ' S ,  mortalities varied from 65 to 75 per cent, in the 
early 40's dropped to about 50 per cent and then in- 
creased to 70 or 80 per cent. The values are in close 
approximation to  the ratios in the second series of 
catch, effort and age data (column 2, Table 4)  and 
the accumulated age calculations (column 4, Table 4) .  

The error associated with these estimates depends 
on, among other things, the dispersion of tagged fish 
over the fishing grounds and their availability to the 
fishermen. The confidence associated with them, and 
whether they tend to be minimal o r  maximal, is un- 
known. 

(c)  Accumulated age data: The number of fish 
caught during a season divided by the accumulated 
age estimate of the number of fish in the population 
at  the begining of that season will provide an estimate 
of total mortality rates. Such estimates are given in 
column 4, Table 4. 

These estimates are unbiased point estimates ; they 
are neither maximal nor minimal. 

(d )  Scouting data: Total mortality estimates arise 
from scouting data through comparisons of the re- 
duction in numbers of a particular year-class sampled 
in two or more successive seasons. Radovich (195213) 
has given estimates of total mortality rates between 
1950 and 1951 for several year-classes: 

Year-class Mortality (per cent) 
1950 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45.1 
1949 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25.0 
1948 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  395 
1947 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69.8 
1946 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75.8 
1945 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87.0 
1944 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  100.0 
1943 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100.0 

The error associated with these estimates is not 
known but it is probably greater for the 1946 and 
older year-classes than for the younger ones (owing 
to fewer numbers in the population). 

Similarly, whether they are minimal or maximal is 
not known. 
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FIGURE 8. Panel B. Pacific sardine: Natural mortality and fishing 
mortality. 

(e) Length and growth data: Silliman (1943) 
used length frequency distributions and a sardine 
growth curve to derive an estimate of 40 per cent 
total mortality during the period 1925-33.5 

The reliability and possible bias of this estimate is 
not known. 

(2) FISHING MORTALITY RATES 

These rates may be estimated from ( a )  catch, effort 
and age data, (b)  tagging data, (e) scouting data, 
( d )  accumulated age data and (e)  egg censuses and 
catch data. 

(a) Catch, effort and age data: Estimates based 
on these data are given in columns 5 and 6 ,  Table 4. 
The first series are estimates of fishing mortality 
rates with natural mortality assumed constant a t  33 
per cent and with availability varying. These rates 
pertain to the fished population. 

The second series pertain to the total population ; 
i.e., availability has been taken into account. They 
are, however, maximal owing to the fact that it is 
necessary to assume full availability in some base year. 

(b) Tagging data: In  columns 7 and 8, Table 4 
appear the estimates of average fishing mortality over 
the period 1936-37 through 1943-44 as given by Clark 
and Janssen (1945)-the higher values-and as recal- 
culated by Marr from the same data-the lower values. 
Clark and Janssen, however, questioned the use of 
tag returns as Marr has applied them. Clark and 
Janssen made estimates of 39 to 50 per cent fishing 
mortality from tag returns. These values are in better 
accord with the estimates from "catch, effort and age 
data" of columns 5 and 6 than are Marr's tagging 
data calculations. 

(c)  Scouting data: As explained previously, esti- 
mates of mortality rates arise from observing the 
5 Silliman (1943) also estimated total mortality during the period 

1937-42 to be 80 per cent. This estimate was  based on the age  
composition of the catch in the 1941-42 season. Unfortunately, 
during this season the youngest year-classes were the largest 
and the older classes the smallest. This led to too great an 
estimate. The accumulated age estimate for the same period, 
a maximal estimate is only 51 per cent (range 45-59 per 
cent)  ; the tagging kstimate average is  61  per cent (range 
48-75 per cent) .  
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Season 

decline in numbers of fish in particular year-classes 
sampled in two or more successive seasons. Because 
younger year-classes are not yet in the fishery, the 
total mortality rates for these year-classes may be con- 
sidered natural mortality rates. The total mortality 
of the older year-classes includes fishing mortality. 
With these data it is also possible to estimate fishing 
mortality (column 9, Table 4) .  

This estimate of fishing mortality is minimal since 
it assumes that total mortality for the younger year- 
classes results from natural causes only. The younger 
year-classes are subject to a limited fishery and the 
majority of the younger fish were found on the south- 
ern end of the range of the surveys. There is a high 
probability that some of these fish moved farther south 
and were out of the surveyed area in the second year. 
Too high an estimate of natural mortality results in 
too low an estimate of fishing mortality. 

(d) Accumulated age data: The estimates arising 
from these data (column 4, Table 5) ,  which were 
described under “Total Mortality, ” are also maximal 
estimates of fishing mortality. They are maximal be- 
cause they do not take into account natural mortality. 

(e) Egg censuses and catch data: Another esti- 
mate of fishing mortality (column 10, Table 4)  may 
be ‘obtained by dividing the number of fish caught 
by the total population size, as estimated from egg 
censuses and fecundity data (see Table 2). 

(3) NATURAL MORTALITY RATES 

At present we have only two sources of estimates of 
natural mortality rates: ( a )  tagging data and (b)  
scouting data. 

(a) Tagging data: As in the estimates of total 
population size and of fishing mortality, Marr and 
Clark again differ in the use of tagging data to obtain 
estimates of natural mortality. The estimates (33 per 
cent and 39 per cent) given in columns 11 and 12 of 
Table 4 are derived from Marr’s calculations. Accord- 
ing to Clark and Janssen, the natural mortality based 
on tag returns would be estimated at  22 to 36 per cent. 

(b) Scouting data: Natural mortality rates are 
estimated from these data by methods already de- 
scribed (column 13, Table 4). 

I n  summary, while mortality rates are difficult to 
estimate, estimates based on accumulated age data 
show, for example, that total mortality increased 
from about 24 per cent in 1932-33 to 59 per cent in 
1936-37, fluctuated around 50 per cent from 1936-37 
to 1943-44 and around 65 per cent between 1944-45 
and 1952-53. The high rates in recent years are in 
part, a t  least, artifacts caused by the unavailability of 
sardines on the California fishing grounds resulting 
in a greatly reduced catch. I n  the 1952-53 and 1953- 
54 seasons fishing mortality and, in all probability, 
total mortality were actually reduced. 

- 

WHAT CAUSES FLUCTUATIONS IN 
THE CATCH OF SARDINES? 

In  an earlier section we stated that fluctuations in 
the catch from a fish population can arise from three 
sources : fluctuations in fishing effort, fluctuations in 
the abundance of the population and fluctuations in 
the availability of the population. We may examine 
these three sources with respect to fluctuations in the 
catch of the sardine. 

Fluctuations in Fishing Effort 
The amount of fishing effort (or data from which 

this may be derived) has been given for British 
Columbia for the period 1925-1932 by Hart (1933), 
for Oregon and Washington for the period 1935-43 
by Marr (1950), and for California for the period 
1932-33 to 1950-51 by Silliman and Clark (1945), 
Clark and Daugherty (1950, 1952) and Widrig 
(1954). These data are shown in Table 5. We will 
confine our discussion to the effort expended in Cali- 
fornia, since these data cover the longest period and 
since the bulk of the catch was made off California. 
Further, we will confine our remarks here, about the 
effect on the catch of changes in effort, to those 
changes occurring in a particular season. The possi- 
bility of any long-term effects of effort on the size of 

TABLE 5 

PACIFIC SARDINE: ESTIMATES OF FISHING EFFORT 

-I- 
1925-26 ........... 
1926-27 ........... 
1927-28 ........... 
i92a29 ........... 
1929-30---. ....... 
1930-31--. ........ 
1931-32 ........... 
193233 ........... 
193334 ........... ~~ 

1934-35-.. ........ 
1935-36 ........... 
193837 ........... 
1937-38 ........... 

1939-40.--. ....... 
1 9 3 ~ 9  ........... 

1940-4L.. ....... 
1941-42--. ........ 
1942-43.. ......... 
1943-44.. ......... 
1944-45-.. ........ 
1945-46.--. ....... 
1946-47..-. ....... 
1947-48 ........... 
1948-49-. ......... 
1949-50 ........... 
1950-51 ........... 

__ 

1 
~ 

_ _  _ _  
.. 
_. _ _  _ _  
_. 

448 
600 
717 
876 

1,237 
1,366 
1,399 
1,314 
1,124 
1,304 
1,010 
1,122 
1,305 
1,315 
1,485 
1,358 

921 
947 

1,527 

California 

__. 

2 
~ 

._ 

._ 
_ -  
_ -  
_ -  
._ 

3.408 
2.545 
2 .  I30 
1.743 
1.234 
1.118 
1.091 
1.162 
1.358 
1.171 
1.512 
1.361 
1.170 
1.161 
1.028 
1.124 
1.658 
1.612 
1.OOO 
- 

__ 

3 
__ 

_ _  _ _  
.. 
.. 
._ _ _  _ _  

229 
392 
476 
570 
807 
867 
958 
894 
763 
921 
742 
824 
906 
881 

1,212 
1,215 

711 
652 

1,499 
__ 

1. Boat-months from Clark and Daugherty (1952). 
2. Ratio of values in column 1 to enort in 1950-51. 
3. Boat-months from Widrig (1954). 
4. Ratio of values in column 3 to enort in 1950-51. 
5. Boat-weeks, from Marr (1950). 
6. Boat-days, derived from Hart (1933). 

~ 

4 
~ 

_. 
_ -  
_ -  
_ -  
_. _ _  _ _  

6.546 
3.824 
3.149 
2.630 
1.857 
1.729 
1.565 
1.677 
1.965 
1.. 628 
2.020 
1.819 
1.655 
1.701 
1.237 
1.234 
2.108 
2.299 
1.OOO 

~ __ 

)regon- 
Wash- 
ington 

5 

_ _  
_. 
.. 
-. 
_. _ _  
.. _ _  
.. 
.. 
43 

113 
135 
288 
278 
38 

187 
29 
34 _ _  
.. _ _  
.. 
._ 
.. 
.. 

__ ___ 

Brilish 
CO- 

lumbia 

6 
~ 

1,041 
2,558 
4,166 
5,843 
5,054 
3,642 
2,748 
1,775 _ _  

- -  _ _  _ _  _ _  _ _  _ _  
- _  _ _  _ _  _ _  _ _  - _  
- _  _ _  
- _  _ _  _ _  
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FIGURE 9. Pacific sardine: Fishing effort and catch in California, 
1932-33 through 1950-51. 

the population and thus on the catch is considered 
in other sections of this paper. 

I n  Figure 9 are shown, for California, the total 
catch curve and the total effort curve, for the seasons 
1932-33 through 1950-51. Prior to the 1946-47 season, 
and in general, when effort increased catch increased 
and vice versa. There are, of course, exceptions to 
this generalization; i .e . ,  in the 1937-38 season effort 
increased slightly whereas the catch dropped to about 
57 per cent of that of the previous season. 

Since changes in effort tend to be accompanied by 
corresponding changes in catch, one would expect that 
if catch were plotted as a function of effort. the points 
would tend to cluster about a line. If the effort units 
are not competing with each other, this should be a 
straight line. For a given population size, as effort 
units are increased in number they will eventually 
compete with each other and the straight line will 
curve to the right. The data are plotted in this manner 
(Figure 10) and, with variations, of course, the points 

FIGURE 10. Pacific sardine: Relation of fishing effort and catch in 
California, 1932-33 through 1950-51. 
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prior to 1946-47 do fall about a straight line. The 
deviations from this trend line may be attributed to 
deviations in the size of the available population from 
the average size of the available population that ob- 
tained over the period. 

However, in the 1946-47 and subsequent seasons, 
with the possible exception of the 1949-50 season, the 
average size of the available population shifted to a 
different and much lower level (see Table 2). Par t  of 
this shift was caused by a decrease in availability 
(evidence given in subsequent section) and part by 
the presence, in the available population, of a series 
of average or below average size year-classes (see 
Figure 3 and Table 3) .  

It is also of interest to compare estimates of total 
mortality rates with changes in fishing effort. Shown 
in Figure 11 are fishing effort (column 3, Table 5), 
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FIGURE 11. Pacific sardine: Comparison of fishing effort ( col. 3, Table 
5) with estimates of total mortality from tagging (cal. 3, Table 4) and 

from accumulated age data (col. 4, Table 4). 

estimates of total mortality rates from tagging data 
(column 3, Table 4) and from accumulated age data 
(column 4, Table 4 ) .  The amount of effort rose from 
slightly more than 200 boat-months in the 1932-33 
season to slightly more than 800 boat-months in the 
1936-37 season, and thereafter fluctuated around 850 
boat-months through the 1945-46 season. I n  subse- 
quent seasons the average level was perhaps somewhat 
higher, with much wider variations. The trend in total 
mortality rate estimated from accumulated age data 
closely. follows the trend in intensity. An association 
between effort and total mortality estimated from 
tagging data, if there is one, is less evident. 

Fluctuations in Abundance 

Pertinent to the preceding discussion is a compari- 
son of the number of fish entering the population each 
year (new year-classes) with the number of fish re- 
moved from the population by the catch. This is given 
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FIGURE 12. Pacific sardine: Comparison of size of entering year-class (at age 2) with catch (age 2 and older) in same seoson. Year-class size 

estimates are based on accumulated age data and are minimal. 

in Figure 12  (see also Figure 4 ) .  Year-class size is the 
accumulated age estimate based on fish 2-rings and 
older (see column 2, Table 3, and Figure 3) .  As pre- 
viously mentioned, these estimates are minimal in the 
amount of the numbers of fish which are present on 
the fishing grounds and die naturally and in the num- 
bers of fish which are unavailable and eventually die 
naturally. The numbers of fish caught are based on 
the data summarized in column 1, Table 2, and differ 
from those data only in the omission of O-ring and 
1-ring fish. 

In  Figure 12 the horizontal line indicates the exact 
balance of recruitment and catch. It does not indicate 
a population of constant size. Points above the hori- 
zontal line indicate that recruitment exceeded catch, 
and, conversely, points below the line indicate that 
catch exceeded recruitment. The exceedingly interest- 
ing feature of this figure, is that over the period 
1932-33 through 1952-53 the total estimated recruit- 
ment has amounted to about 91 per cent of the ob- 
served catch ; catch has exceeded recruitment by 4.4 
billion fish. 

Since the recruitment estimates are minimal (they 
include only that portion of each year-class that was 
caught by fishermen) , it is quite possible, if not prob- 
able, that the true recruitment has equalled or ex- 
ceeded the catch. 

This relation between catch and population changes 
is also reflected in a comparison of fishing effort with 
changes in total mortality (Figure 13). Fishing effort 
is expressed as the numbers of boat-months required 
to supply the tonnage taken each season in the Cali- 
fornia fishery (column 1, Table 5) .  In  Figure 13 the 
boat-months are expressed in percentages of 1950-51 
to make them directly comparable with the mortality 
measures (column 4, Table 4) ,  which are also in per- 
centages. The relationship between the trends in total 
mortality and fishing effort indicates the direct effect 
of Man on the supply of sardines that he fishes. In- 
creased fishing effort produces corresponding increase 
in total mortality and decreased effort a decrease in 
total mortality. The comparison begins in 1932-33 
when the industry was starting on its last rapid ex- 
pansion and continues to the collapse in 1951-52. In  



PROGRESS REPORT 1953 TO 1955 31 

- , ~ L I T Y - A C C U M U L A T E D  AGE Col 4, Table 4 

20 - 

I ,  I I I 1 1  l l a l l , l , l , , ,  
1935-36 1940-41 1945-46 1950-51 

S E A S O N  

FIGURE 13. Comparison between fishing effort and total mortality rate 
in the sardine population. 

the early 30's total mortality approximated 25 per 
cent and increased to about 60 per cent a t  the end of 
that decade. During this time effort reached its first 
maximum. In  the first half of the 40's effort dropped 
somewhat and total mortality declined to about 50 
per cent. Then renewed effort was expended and total 
mortalities again increased to about 70 per cent. At 
the close of the 40's effort and mortality declined and 
again increased in the early 50's. 

The implications of this are important, for while 
recruitment and catch have been approximately equal, 
the catch and the population, in some recent years a t  
least, have decreased in size. Such a decrease in catch 
may have four possible causes: (1) The population 
was reduced in size by fishing mortality, as a conse- 
quence of which subsequent year-classes were reduced 
in size. (2) Year-classes were reduced in size by 
natural variations in early survival rate independent 
of the size of the spawning stock. (3) Availability de- 
creased. (4) Natural mortality rate increased. Any 
or all of these factors may be working independently 
or concurrently. 

We disagree on (1) and (2) above (see pp. 23-25). 
Under (3) there is evidence, which will be discussed in 
a subsequent section, which shows that availability is 
variable and that it has decreased in recent years. 
Under (4)  the few available data which permit esti- 
mates of natural mortality rates yield about the same 
estimate for an earlier and a recent period. A reduc- 
tion in year-class size plus a decrease in availability 
are the main factors we believe to be responsible for 
the recent decline in the sardine catch. 

Fluctuations in Availability 
The factor of availabilty is well known to fisher- 

men, although, to be sure, they do not use that term. 
Availability has been defined by Marr (1951 : 163-4) 
as ii. . . . the degree ( a  percentage) to which a pop- 
ulation is accessible to the efforts of a fishery. " Tn an 
earlier section, some examples of how availability 
operates has been given. 

We may now categorize these. In  the first place, 
there may be actions of the sardine which influence 
the degree of availability on a more or less local 
basis. These may be classified under the term behavior 
(or micro-behavior) . Examples of behavior-connected 
availability include (1) schooling at  the surface only 
at  some particular time during a 24-hour period ; 
(2) formation of small schools upon which it is un- 
profitable to set; (3) formation of less dense schools 
which are not readily seen; and so on. 

A second category of actions which influence the 
degree of availability is less clearly defined, but has 
to do with the movements of sardines; i .e.,  the geo- 
graphic distribution of sardines and how this changes 
with time as the result of non-random or random 
movements of the fish. Clearly, actions of this nature 
could have much more important and widespread 
effects on availability than would variations in micro- 
behavior. 

The third and final category is of a somewhat differ- 
ent nature than the other two. It has to do with 
whether or not there exist subpopulations, or races, 
within the total sardine population. If there are sukh 
subpopulations, the importance of their distribution 
with respect to the distribution of the fishery is ob- 
vious ; such subpopulations might be entirely within 
the range of the fishery, only partially or in variable 
amounts within the range of the fishery, or never 
within its range. 

We will consider each of these three categories 
separately. 

(1) BEHAVIOR 

Unfortunately, almost nothing is known about 
sardine behavior or the causes of such behavior (ex- 
cepting, of course, the considerable, but unpublished 
knowledge of the fishermen). We do know, of course, 
the general features associated with the fact that 
sardines are a pelagic, filter-feeding, schooling spe- 
cies, and these have been cited earlier. 

Experiments conducted by Groody (Marine Re- 
search Committee, 1950) showed that the tendency to 
form close schools was increased a t  temperatures from 
12" down to 6°C (53.6" to 42.8"F), whereas this ten- 
dency was reversed at  temperatures from 12" up  to 
259C (53.6" to 77.O"F). Marr (1950) showed that the 
highest catch per unit-of-effort in the Oregon and 
Washington fishery tended to be made in seasons of 
lowest average daily temperatures and the lowest 
catch per unit-of-effort tended to be made in the 
seasons of highest average daily temperatures. The 
experiments of Groody may explain these observa- 
tions; Le . ,  a school of a given diameter may be denser 
and contain more fish at  lower temperatures than i t  
does at  higher temperatures. 
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Recovery 
Area 

_________ 

Pacific 
Northwest.. . 

Central 
California .... 

Southern 
California .... 

Baja California. 

Other experiments by Groody (Marine Research 
Committee, 1950) show that feeding behavior may be 
induced by chemical stimulation. 

Experiments by Groody et al. (1952) on behavior 
in an electrical field do not seem to be pertinent to the 
problems of behavior in nature. 

--- 

Pacific 
Northwest 

0 . 7  

0 .1  

1 . 1  
- - - - - 

(2) MOVEMENTS 

Tagging experiments conducted between 1935 and 
1942 by the California Department of Fish and 
Game, the Fish Commission of Oregon, the Washing- 
ton Department of Fisheries, and the Fisheries Re- 
search Board of Canada give direct information about 
the movements of sardines. Altogether, approxi- 
mately 140,000 fish were tagged and released in four 
general areas : Pacific Northwest, central California, 
southern California and Baja California. The experi- 
ments demonstrated the following : 

( a )  Fish tagged at  any locality from southern 
California north to British Columbia were recap- 
tured on all fishing grounds from southern California 
to British Columbia (Table 6) .  Fish tagged off cen- 
tral and northern Baja California were recovered in 
large numbers in the southern California catch, mod- 
erately in the central California catch and negligibly 
in the catch of the Pacific Northwest. No tags were 
recovered from the two lots tagged and released south 
of Sebastian Vizcaino Bay, Baja California ( i .e . ,  in 
Magdalena Bay and south). 

(b) Dispersal of tagged fish throughout the range 
of the species is difficult to examine in detail owing 
to lack of recovery facilities in Baja California. How- 
ever, the available data (Table 7) show that fish 
tagged off southern California tended to move more 
to the north than did the fish tagged off central Cali- 
fornia tend to move south. On the other hand, tags 
put out off British Columbia became increasingly 
more available to the southern California fishery than 
to the British Columbia fishery. Fish tagged in south- 
ern California were equally distributed on all fishing 
grounds. 

.- 

Central Southern 
California California 
___ ~ 

2 . 0  2.1 

2 . 6  2 .1  

1 .0  I 1.9 

TABLE 6 

4 .8  

0.9 5 .7  

4.7 8 .7  

I Baja 
California Total 
___- 

_ _  

SARDINE TAG RECOVERIES (AT 100 PER CENT EFFICIENCY) 
PER 1000 FISH TAGGED 

Recovery Area 

Pacific Northwest _ _ _ _ _ _ _ _ _ _  
Central California.-. . .. _. . 
Southern California.-- _ _  _ _  - 
Baja California _ _ _ _ _ _ _ _ _ _ _ _  

Totals ..............._ 

Pacific 
Northwest 

2.1 
2 . 4  
1.5 

- - - - - 

6.0 

Release Area 

1 I----- 
tagging 

1st .___________._. 
Zd---.......-.._- 
3d .........--_-_- 
4th .......________ 
5th and over. -. -. . 

Total--- -. -. . . 

Central I Southern 1 Baja 
California California California 

- 
Numbei 

-- 

21.70 
19.26 
11.05 
3.11 
1.31 

56.43 

i-i-- 
Per cent 

38.5 
34.1 
19.6 
5 . 5  
2.3 

100.0 

6 .2  7 . 2  0.1' 
59.5 I 53.7 I 12.2 

_ _ - ~  

Numbei 
-___ 

57.22 
21.43 
6.82 
2.65 
2.14 

90.26 
-__ 

14.1 I 29.4 1 44.1 
-No recovery facilities - - - - - - 

79.8 I 90.3 1 56.4' 
~~~ 

Per cent 

73.4 
23.7 
7 . 6  
2 . 9  
2 .4  

100.0 

TABLE 7 

-- 
Numbei 

_ _ ~  

50.35 
18.61 
6.93 
3.04 
0.87 

79.80 
__- 

SARDINE TAG RECOVERIES (AT 1 0 0  PER CENT EFFICIENCY) 
PER 1000 FISH TAGGED PER BILLION FISH CAUGHT 

I 

(e) Fish tagged off Baja California, from Sebas- 
tian Vizcaino Bay northward, gradually dispersed 
throughout the California fishing grounds, and there 
was one recovery off Washington. Over three-fourths 
of the recoveries were made in the southern California 
area, however. Owing. to the greater distance from 
the California fishing grounds, the dispersal was 
slower in the first season after tagging (Table 8) than 
for fish tagged off California. The total number of 
returns per thousand (56.43 for Baja California, 
90.26 for southern California and 79.80 for central 
California) indicates, however, that in the California 
fishery the ratio of Baja California fish to California 
was 56.43/90.26 and 56.43/79.80 and thus the recov- 
ery rate of Baja California tagged fish was 60 to 70 
per cent of the California tagged fish. These percen- 
tages reflect the relative availability of the Baja 
California and California sardines to  the U. S.- 
Canadian fishery. The tag returns of these fish for the 
successive seasons after tagging are compared with 
those of fish tagged off California in Table 8. 

(d) The recovery of all tagged fish in southern 
California in relation to the number of fish taken in 
the commercial catch was 1.5 times as great as in 
the central California region (Table 7 ) .  As noted 
above, fish tagged off southern California were recov- 
ered in all areas in about the same proportion as the 

TABLE a 
SARDINE TAG RECOVERIES PER lo00 FISH TAGGED AT 100 PER CENT 

RECOVERY EFFICIENCY 

I I I 
Fish tagged Fish tagged 
off Southern off Central 

C e 1 if o r n is Season after California California 

Per cent 

63.1 
23.3 
8 .7  
3 . 8  
1 . 1  

100.0 
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total catch and the greater concentration of tagged 
members in this area came from fish tagged off Baja 
California. It might be concluded from this that the 
density of tags was greater in fish tagged off Baja 
California than in fish tagged off central California, 
and therefore the population off Baja California was 
somewhat smaller than that off central California 
during the period of tagging experiments. 

The results of these tagging experiments tend to 
yield an estimate of average movements over the dura- 
tion of the tagging period. Clark (1952: 373) sum- 
marized sardine movements as follows : “By the end 
of their first year they have evidenced a slight north- 
ward movement and in each succeeding year this 
northward migration becomes more pronounced. 
These northward movements occur during the sum- 
mer months and a return southward takes place in 
the late fall and winter . . . . ” Deviations from this 
average condition could result in changes in avail- 
ability. We believe that some of the observed changes 
in availability were a result of just such deviations 
in movements. For example, even when the popula- 
tion was much larger than it is now, sardines did not 
appear in British Columbia waters during certain 
seasons. This happened in 1933, for example, when 
the catch fell to less than a tenth of what it was in 
1932 or 1934. Again in 1939, the year we point to 
as an example of northern spawning, sardines did not 
reach British Columbia, and the small British Co- 
lumbia catch of that season was obtained off Wash- 
ington. 

Two outstanding examples of changes in availabil- 
ity can be cited for the California fishery. Between 
the 1945-46 and the 1946-47 seasons, there was a 
much greater than expected decline in all year-classes 
in the fishery. Between the 1948-49 and the 1949-50 
seasons, on the other hand, the decline was much 
less than expected. I n  fact, some year-classes showed 
an increase. Since there must have been some natural 
mortality between these two seasons this increase in 
numbers on the fishing grounds can be explained only 
by increased availability in 1949-50. This anomaly 
of increased availability resulted from an influx of 
fish, perhaps from Baja California. 

The portion of the population off Baja California 
that becomes available to the California fishery varies 
considerably. During the period 1939 to 1945, we 
estimate that the fish off Baja California became 
about 60 to 70 per cent as available to our fishery as 
were fish off southern California. The fish scouting 
surveys of 1950, 1951 and 1952, when compared with 
the spawning surveys of the same years, indicated 
that in 1950 there was . . . “ a  net northward move- 
ment of about 28 per cent of the adult population. 
In  1951 the net northward movement was about 
25 per cent . . .” (Marine Research Committee, 
1953 : 29). There was no detectable net northward 

movement of fish in 1952, nor again in 1953, and 
partly as a result of this decrease in availability, the 
catches of the 1952-53 and 1953-54 seasons have 
amounted to only a few thousand tons. In  the 1954-55 
season sardines again appeared on the southern Cali- 
fornia fishing grounds in appreciable numbers. In  
the spring of 1954 widespread sardine spawning oc- 
curred off southern California for the first time in 
three years. Concurrently, water temperatures in this 
area were higher in the spring and summer of 1954 
than for several previous years. 

The extent of the variation in availability of the 
sardine population is extremely difficult to measure 
and has, in fact, not yet been measured satisfactorily. 
Widrig (1954) has estimated availability over a 
period of years. His estimates are maximal, since it 
is necessary, by his method, to assume full availability 
in some base year. Some of his estimates are: 

Per cent 
availability Season 

1941-42 ~ ~ ~ ~ ~ _ _ _ _ _ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ _ _ ~ ~ ~ ~ ~ ~  58.0 
1942-43 ~ _ _ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ . ~ _ ~ _ ~ ~ ~ ~ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  79.7 
1943-44 __---_----------_---___________________ 87.8 
1944-45 ~ ~ ~ ~ _ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ _  100.0 
1945-46 ~ ~ ~ ~ ~ ~ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  96.3 
1946-47 ~ ~ ~ ~ ~ . _ _ _ _ ~ ~ ~ ~ ~ ~ ~ _ ~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  28.1 
1947-48 ~ ~ ~ ~ ~ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  21.8 
1948-49 _ ~ _ ~ ~ ~ ~ _ _ _ _ _ ~ ~ ~ ~ ~ _ ~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  21.8 
1949-50 _ _ _ ~ ~ ~ ~ ~ _ _ _ ~ ~ ~ ~ ~ ~ ~ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  78.7 
1950-51 _ _ _ ~ ~ ~ ~ ~ _ _ _ _ _ ~ ~ ~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  53.0 

These estimates exceed the true availability in the 
amount that availability was not 100 per cent in the 
1944-45 season. The error associated with these esti- 
mates is not known. 

(3) SUBPOPULATIONS 

A definition of subpopulation that is acceptable to 
all is difficult to provide, even as systematists still 
strive for a universally acceptable definition of species 
or subspecies. A subpopulation, in the sense in which 
we use it, is a group of fish of less than specific rank 
(and probably of less than subspecific rank, although 
recognition of a subspecies tends to be more subjective 
than recognition of a species and varies more between 
individual workers) which is genetically self-sustain- 
ing. Under this definition it matters not whether fish 
of different subpopulations (if there are such) inter- 
mingle or do not intermingle during the rest of the 
year, so long as they segregate and there is, during 
the spawning season, interbreeding (or opportunity 
for such) only between the members of each group. 

Since, in the case of the sardine, it is impractical or 
impossible to use the more direct approach of the 
geneticist in solving this problem, we must use indirect 
methods. If there are no subpopulations of sardines, 
we would expect to find that each individual is more 
or less like every other individual, provided that there 
are no environmentally produced differences. If there 
are subpopulations, we would expect to find that each 
individual is more like the other members of the 
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Cumu- 
lative 

percent 

1.31 
17.27 
36.28 
60.97 
81.59 
93.09 
97.55 

100.00 

same group and less like individuals of the other sub- 
populations, again provided that there are no environ- 
mentally produced differences (or, if there are, that 
we can recognize them as such). 

In essence, then, the problems are (1) to determine 
whether or not there are differences between groups, 
and, if there are such differences, (2)  whether or 
not they are a reflection of inherited differences. We 
may examine each of these in turn. 

(1) There is evidence (from tagging, especially ; 
see previous section) that the sardine stocks from 
central Ba ja California to British Columbia intermix, 
a t  least outside the spawning season. On the other 
hand, there are a number of lines of evidence which 
might indicate that the mixture is only partial, and 
that the population is heterogeneous, rather than 
homogeneous. These include (a )  the existence of more 
than one spawning center, and (b)  differences in 
size, (e) in age composition, (d)  in meristic charac- 
ters, (e) in scale types and ( f )  in growth rates in 
different parts of the population range. 

(a) Spawning areas: There is a major spawning 
area off central Baja California and a major spawning 
center off southern California. The number of eggs 
deposited in the latter was greatly reduced in 1952 
and 1953. These two centers are connected by a nar- 
rower region along the coast in which spawning also 
occurs. Spawning occurs in the spring months in these 
centers, although somewhat later in the one off south- 
ern California than in the one off central Baja Cali- 
fornia. I n  some years (1939 especially) there has been 
spawning off northern California, Oregon and Wash- 
ington in the summer months. Spawning in all of these 
regions takes place over about the same temperature 
range, 13.Oo-16.5'C (55.4O-61.7OF). 

Spawning occurs in the bays, such as Sebastian 
Vizcaino, along the west coast of Baja California in 
the fall months at  temperatures of 18'-23"C (64.4'- 
73.4'F). 

Spawning is also known to have occurred in the 
late winter throughout much of the Gulf of California, 
but little more is known about it. 

-__ 

Per cent 
of 

total 
~ _ _  

10.82 
36.03 
27.15 
15.82 
7.13 
2.36 
0.56 
0.13 

Cumu- 
lative 

percent 

10.82 
46.85 
74.00 
89.82 
96.95 
99.31 
99.87 

100.00 

(b) Differences in size: Sardines of the same ages, 
especially when 3-rings or older, are considerably 
larger, on the average, in the Pacific Northwest than 
in San Pedro, and intermediate in size, on the aver- 
age, in central California. This is shown in Figure 14 
and summarized in Table 9. These differences, pre- 
sumably arising from differences in growth rates in 
the several areas, are possible only if the population is 
not randomly mixed. The effect of mixing would be 
to minimize differences; hence the fact that such dif- 
ferences persist in the several areas despite some emi- 
gration and immigration, is good evidence that the 
population is not randomly mixed a t  all times. 

(c)  Differences in age: It was pointed out in the 
discussion of sardine tagging that older fish tend to 
be caught in the northern portion of the range (Pa- 
cific Northwest). Data on age composition of the com- 
mercial catch, in the several fishing areas, support 
this observation. To illustrate, the average age com- 
positions in three fishing areas, Pacific Northwest, 
Monterey, and San Pedro, are given for the period 
1941-42 through 1945-46 in Table 10 and Figure 15. 
Whereas 39 per cent of the fish taken in the Pacific 
Northwest were 5-rings or older, only 10 per cent of 
the fish taken at  Monterey and 4 per cent of the fish 
taken at  San Pedro were this old. 

(d) Differences in meristic characters: Aside from 
vertebral numbers, little attention has been paid (in 
the literature) to other meristic characters of sardines. 
Vertebral studies have been made by Hubbs (1925), 
Hart (1933) and Clark (1947). Clark found as much 
variation in the vertebral numbers of adult sardines 
within localities as she did between localities, except 
that the average vertebral number of one sample (31 
fish) of adults from the Gulf of California was more 
than 0.50 vertebra lower than collections from any 
other locality. Average vertebral numbers of young 
fish from southern Baja California and the Gulf of 
California were less than the average numbers from 
more northern localities. 

-___ 

Per cent 
of 

total 
~ _ _ _  

13.15 
39.01 
31.53 
12.40 
3.14 
0.64 
0.08 
0.05 

TABLE 10 

PACIFIC SARDINE: AVERAGE AGE COMPOSITION IN DIFFERENT FISH- 
ING AREAS DURING THE 5-YEAR PERIOD 1941-42 THROUGH 1945-46 

I Pacific Northwest I Monterey I San Pedro 

Area 

British Columbia .._..._. 
Washingtonand Oregon. 
San Francisco ........... 
Monterey ..__.......... 
San Pedro __............ 

Number of rings 

1 2  3 1 4  5 6 7 

179 201 223 236 242 246 249 
174 200 224 235 243 246 248 
176 207 221 227 232 240 247 
172 203 218 225 232 240 243 
183 200 208 214 220 226 _ _ _  

Cumu- 
lative 

per cent 

13.15 
52.16 
83.69 
96.09 
99.23 
99.87 
99.95 

100.00 
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(e) Differences in scale types: Scales collected 
from sardines in the northern part of their range 
differ from those collected in the southern part (Felin, 
1954). The northern type, characteristic especially of 
many fish of the 1939-class, had relatively small first 
year’s growth and rapid subsequent growth. The year 
rings (annuli) are well defined. Southern type scales 
have much fainter year marks, a proportionately large 
first year’s growth, and smaller but more uniform 
subsequent growth. 

The northern type sardine probably originated 
from spawning off southern California (and to the 
north) and the southern type from spawning off cen- 
tral Baja California. The major part of the fish col- 
lected in southern California have southern type 
scales, while the majority of fish in the north have 
the northern type ; evidence of only partial mixing of 
the population. 

( f )  Differences in growth types: Evidence for 
such differences has already been given in the sections 
(b) and (e) above. A more complete discussion is 
given by Felin (1954). 

(2)  There is, then, a considerable body of evidence 
indicating that the sardine population throughout its 
range differs with respect to several characteristics. 
We may next consider the question of whether or not 
such differences are in fact inherited. 

(a) Spawning areas: We know from sardine 
spawning surveys that there are a t  present two main 
centers of sardine spawning, one off southern Cali- 
fornia, the other off central Baja California. These 
two centers are connected by a narrow region along 
the coast in which only a little spawning occurs. Do 
individual fish spawn in both centers, or is their 
spawning restricted to one or the other? Serological 
and chromatographic techniques are being explored 
as possible tools for distinguishing between races of 
sardines. The possibility of obtaining information on 
this point through a tagging program is being given 
serious consideration. The renewed spawning off south- 
ern California in 1954 is evidence that sardines from 
Baja California will move northward to  spawn in 
the southern California area and therefore the fish 
from the two areas cannot be considered to belong 
to separate subpopulations. 

A group of sardines that, on the other hand, might 
constitute a separate race occurs off southern Baja 
California and in the Gulf of California. Clark (1947) 
on the basis of lower vertebral numbers (51.2, as com- 
pared to the average of 51.7 for all sardines “north of 
southern Baja California”) concluded that ‘‘sardines 
living off southern Baja California probably comprise 
a distinct group which does not mix with the northern 
fish; or if a mixture occurs, the proportion of south- 
ern fish to the total northern population is small.” 

1 2 3 4 5 6 7 

AGE Rings 

FIGURE 14. Pacific sardine: Observed growth curves (size on age) of 
sardines in several areas. 
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ing areas during the 5-year period 1941-42 through 1945-46. 
FIGURE 15. Pacific sardine: Average age composition in different fish- 
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During the recent spawning surveys off -season 
spawning has been found to occur in Sebastian Viz- 
caino Bay and other bays to the south, under very 
different environmental conditions than spawning at  
other seasons (at temperatures about 4°C (7.2”F) 
higher, etc.). Scales obtained from these fish are of 
a different type, and have a different growth pattern 
than other sardines. It has been called the “Bay” 
type. This group of sardines may be the same as the 
“southern” population of Clark. The group appears 
to be separated from the main body of sardines both 
in time of spawning and in the environmental condi- 
tions under which spawning takes place. They may 
thus constitute a “physiological” subpopulation. If 
so, differences in vertebral numbers may only be a 
secondary characteristic which is induced by the en- 
vironment. ( In  this connection, see Taaning, 1952.) 
This, however, does not preclude the use of vertebral 
numbers as a tool for estimating the admixture of 
fish from different areas. 

(b)-(e) All other differences: All of the other 
observed differences mentioned above could be either 
inherited or environmentally produced. Experiments 
are being carried out to determine the nature of 
growth differences. Preliminary work (serology and 
chromatography) has been done to determine if sub- 
populations characterized by biochemical differences 
exist. Definitive results have not yet been obtained. 

WHAT INFLUENCE DOES M A N  HAVE 
ON THE SARDINE POPULATION? 

In  the introductory sections of this paper, we 
pointed out that the only way in which Man can affect 
a population of marine fishes is by varying the 
amount of mortality imposed on the population by 
fishing. And further, there are only two basic biologi- 
cal problems which Man needs to solve if he wishes 
to know if and how the amount of fishing can be 
varied in order to produce desired and predictable 
results in the eatch (which results are often referred 
to as the “maximum sustained yield”). 

One of the problems has to do with the gain in 
weight through growth of a given group of fish, as 
compared with the loss in weight through the death 
of some members of that group. This relationship is 
generally termed “yield per recruit” by fishery biolo- 
gists. The choices here are whether to restrict fishing 
by size (age) of fish and, if it is to be restricted, to 
determine the optimum size at  which to start catch- 
ing the fish. (Variations in the yield per recruit will 
also occur with changes in the amount of fishing 
effort, for  a given age at first capture.) 

The other problem has to do with whether year- 
class size is a function of stock size or whether year- 
class size is independent of stock size. If year-class 
size is determined by stock size, then what stock size 

produces the maximum year-class size? There is the 
further question of how to control fishing so as to best 
control stock size. The two possibilities iiiclude (1) 
regulating the amount of catch without regard to the 
amount of effort involved in making that catch and 
(2)  regulating the amount of effort expended. 

Yield Per Recruit 
Quite independent of the relation of year-class size 

to spawning stock size, the catch (in weight) to be 
expected from a given year-class depends simply on 
four interacting conditions : (1) the fraction of the 
population taken, say, annually by the fishing effort; 
(2)  the natural mortality rate; ( 3 )  the growth pat- 
tern ; and (4) the age at  first capture. 

It is not difficult to compute the catches obtainable 
from any species whose growth pattern and natural 
mortality rate are known. Generally, the growth pat- 
tern of a species is fairly well known from past col- 
lections, or can be determined. Inferences as to what 
it will be in the future are usually fairly accurate. 
Growth patterns of sardines are well known. 

The natural mortality rate of a species is rarely 
known or even estimable directly. However, we can 
examine the yield per recruit relation for various 
given natural mortality rates, and decide from the 
several possibilities what probability we wish to at- 
tach to each. Further, we can select natural mortality 
rates which are pertinent to the sardine. 

Now the yield per recruit will vary with different 
fishing mortality levels as well as with different ages 
a t  which the fish are first captured. Both effects can 
be evaluated for given conditions of effort. 

We believe that even if the yield per recruit rela- 
tionship in the sardine is such that it would be profit- 
able (in terms of increased catch) to restrict fishing 
by size of fish, it would be entirely impractical to do 
so, owing to the nature of the fishery; i e . ,  the size 
of the fish in a school usually cannot be determined 
until after the net has been set and pursed ; increasing 
mesh size would result in an increase in the occurrence 
of “Christmas trees,” and so on. Nevertheless, it is 
of general interest to examine this relationship. 

In  the examples given in Figure 16, the rates of 
natural mortality and fishing mortality used are indi- 
cated in each panel. The growth pattern used in all 
panels is that observed at  Monterey. Under the condi- 
tions stated, each panel shows the results that would 
obtain at three different ages a t  first capture ; 1-ring, 
2-ring and 3-ring. In  each example we have started 
with an initial population of the same size. The top 
curves in Figure 16 show what would happen, in 
terms of weight, to this initial population under the 
different stated conditions. The lower curves show 
what the catch (weight units indicated by the num- 
bers) would be under the stated conditions. 
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FIGURE 16. Panel A. Fishing mortality=26 per cent; 
natural mortality=39 per cent. 

AGE AT FIRST CAPTURE - 1 RING 

AGE AT FIRST CAPTURE- 2 RINGS 

AGE AT FIRST CAPTURE- 3 RINGS ;rk--l 
AGE Rings 

FIGURE 16. Panel B. Fishing mortality=45 per cent; 
natural mortality=39 per cent. 

Examination of Figure 16 shows that unless the 
natural mortality rate is below about 20 per cent, the 
greatest catch in weight is obtained with the greatest 
rate of fishing mortality and an age at  first capture of 
1-ring (Panels A and B).  I f ,  however, the natural 
mortality rate is low, the greatest catch in weight will 
result from an older age at  first capture; Le.,  2-ring 
in the example given (Panel C) . 

Conditions most closely approximating those that 
have obtained in the sardine fishery are shown in the 
middle curve of Panel B. (It should be remembered 
that mortality rates are probably not constant over 
the years and that our estimates of them are only 
estimates.) 

A more generalized and somewhat different group 
of yield per recruit curves is given in Figure 17. 
These curves show, for three different rates of natural 
mortality and for an age at  first capture of 2-rings 
with the growth pattern observed at  Monterey, how 
the yield per recruit changes with changes in fishing 
mortality and, consequently, with the amount of fish- 
ing effort. (The translation of fishing mortality into 
fishing effort will depend upon the areal distribution 
of effort with respect to both the density and areal 
distribution of the fish.) 

These curves show that as fishing mortality (and 
fishing effort) increase, total catch increases. At some 
point, of course, the catch per unit-of-effort will de- 
crease rapidly as additional fishing mortality (effort 

AGE AT FIRST CAPTURE- 1 RING 

7,304 

0 1  

I- ’ 1 1  
AGE AT FIRST CAPTURE- 2 RINGS 

1 2  

W 
3 O1 

A G E  R i n g s  

FIGURE 16. Panel C. Fishing mortality=45 per cent; 
natural mortality=18 per cent. 
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FIGURE 17. Pacific sardine: Yield per recruit (in weight units) over 
different instantaneous rates of fishing mortality for three different in- 
stantaneous rates of natural mortality; based on observed Monterey 
growth pattern and an age at first capture of 2 rings (q=instantaneous 

rate of natural mortality; n=annual rate of natural mortality). 

units) is added, but the total catch will continue to 
increase. 

In  other words, under the conditions stated and 
from the standpoint of increase in weight alone, there 
is no gain in letting 2-ring and older fish remain in 
the sea to grow larger; on the contrary, they will 
lose more weight through natural deaths than they 
will gain through growth. 

Year-Class Size vs. Stock Size 
As explained earlier in this report, if year-class 

size is a function of stock size, it is theoretically 
possible to control the stock size so as to produce 
year-classes of maximum size. ( Converselyl if year- 
class size is not a function of stock size, then control- 
ling stock size will have no effect on year-class size.) 

Thus, it is pertinent to inquire into what results 
would have been produced had an attempt been made to 
control stock size. As previously stated, this might be 
done by (1) controlling the total catch (ie., setting 
a bag limit) or (2) controlling the amount of effort 
( i e . ,  limiting the number of boat-months) . We will 
consider each of these possibilities in turn. 

The authors have drawn different conclusions from 
the data. The lines of reasoning of each will be pre- 
sented in turn. Marr concludes: 

“Controlling boat catch : It has recently been 
stated by Croker (1954:7) ‘. . . that had [sardine] 
landings been limited to 300,000 tons a year in the 
early 1940’s, there would be no sardine crisis now.’ 
It is, of course, not now possible to state categorically 
what would have happened and what conditions would 
exist now, had a particular action been taken some 14 
years ago. But it is possible to estimate what would 
have happened and what conditions would exist now, 
using as a basis for the estimate the available informa- 
tion about sardines which has been discussed in this 
report. 

“Surely the most immediate and direct effect of 
limiting the total catch in the past would have been 

to reduce the fraction of the population caught in 
those seasons when the limit was lower than the actual 
catch made. Thus the population size of fully re- 
cruited fish in subsequent seasons would have been 
larger than was actually the case. To suggest how 
much larger, one must have estimates of (a)  the rate 
of natural mortality, (b)  availability, (c) effort unit 
effectiveness on the available population, (d )  growth 
pattern, and (e)  year-class size. The various estimates 
which have been made and which are given earlier in 
this report describe the following conditions : 
“ ( a )  Estimates of natural mortality are about 39 

per cent by number (which is equivalent to 25 per 
cent by weight). 

“ (b )  The availability of the population is con- 
sidered to be that which was observed, except that 
those fish which would not be caught because of the 
limit are considered to be fu l ly  available in subsequent 
seasons. (This may be overly generous.) This includes 
the fact that the catch under a limit, whatever that 
catch might be, would be distributed geographically 
in proportion to the observed catch. 

“ ( e )  Effort unit effectiveness is considered to be 
that which was observed, except that up to 50 per 
cent of the fish which would not be caught because of 
the limit could be taken in subsequent seasons. That 
is, no more than 50 per cent of the ‘carry-over’ fish 
could be caught in any one season. This is probably 
a generous condition, judging from the estimates of 
fishing mortality. 
“ (d)  The growth pattern used was that observed 

at  Monterey. 
“ (e) Year-class sizes are considered to be the same 

as those observed. Evidence presented above indicates 
that year-class size does not appear to be a function 
of stock size and therefore an increase in stock size 
(as a result of fish that would not have been caught 
because of the limit) would not result in an increase 
in year-class size. And also 
“ ( f )  Population size is considered to be that which 

existed (see Table 2 for estimates), except as increased 
by ‘ carry-over ’ fish. 

“The actual total catch and the estimated effects 
of a total catch limit of 300,000 tons applied in 1941, 
based on the conditions stated above, are shown in 
Figure 18. From this figure it may be seen that the 
hypothetical limit was actually exceeded in the 1941- 
42 through 1945-46 and the 1949-50 and 1950-51 sea- 
sons. Of the six seasons in which the actual catch fell 
below the hypothetical limit, in only one (1946-47) 
would the limit have been attained. There would still 
have been a decline in the other five seasons, a decline 
virtually as precipitous as that which actually ob- 
tained in the 1951-52 through 1953-54 seasons. The 
increase in catch that would have resulted from this 
hypothetical limit amounts to about 240,000 tons. The 
decrease in catch that would have resulted from this 
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FIGURE 18. Pacific sardine: Total actual catch and hypothetical mtch 
that would have been made under a limit of 300,000 tons set in 1941 

(with a natural mortality rate of 39 per cent by numbers). 

limit amounts to about 1,480,000 tons, or a net de- 
crease in catch under the hypothetical limit of about 
1,240,000 tons over the period 1941-42 through 
1953-54. 

“Variations in the rate of natural mortality will, of 
course, change the effects of limits on the total catch. 
The lower the rate of natural mortality, the longer 
will the fish not caught (because of the limit) remain 
in the population and be subject to being caught in 
subsequent seasons. For example, a group of fish 
2-rings and older under a natural mortality rate of 
10 per cent by numbers would lose an average of 2 
per cent by weight per year, under a rate of 20 per 
cent by numbers would lose 10 per cent by weight, 
30 per cent by numbers 18 per cent by weight, 40 per 
cent by numbers 26 per cent by weight, and so on. 

“This is illustrated in Figure 19, which is identical 
with Figure 18, except that a natural mortality rate 
of 23 per cent by numbers (13 per cent by weight) 
has been used. Under this condition of lower natural 
mortality rate, a limit of 300,000 tons would have 
been attained in the 1946-47 through 1948-49 seasons, 
but a precipitous decline in the total catch would 
still have occurred in the 1951-52 through 1953-54 
seasons. The net difference in total catch over the 
whole period would have amounted to a decrease of 
about 568,000 tons. 

“On the basis of the evidence presented in the pre- 
vious sections of this report, Figure 18 represents 
the best estimate now possible of what effect a total 
annual catch limit of 300,000 tons imposed in 1941 
would have had. ” 

Clark concludes : 
“The effect of holding the seasonal catch to a cer- 

tain tonnage can be estimated in yet another way. 
In  addition to the proposal to hold the California 
catch to 300,000 tons annually, consideration is given 
to the Pacific Northwest fishery with an allowance of 

700 

Excess of cnctuol Cotch over Catch under limit 
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FIGURE 19. Pacific sardine: Total actual catch and hypothetical catch 
that would have been made under a limit of 300,000 tons set in 1941 

(with a natural mortality rate of 23 per cent by numbers). 

an annual tonnage of 50,000 tons. This would approxi- 
mate a 50 per cent reduction from the maximum ton- 
nage taken in the northwest and would correspond 
to a similar cut from about 600,000 tons to 300,000 
tons for the California fishery. 

“Since 1941-42 we have a measure of the age com- 
position and total numbers of fish caught in the fish- 
eries of both areas and we know the population must 
have been large enoughko yield these fish to the fisher- 
men’s nets. By a trial-and-error process we can de- 
termine how large the population must have been a t  
the beginning of the 1941-42 season and how much 
must have been added to it by new year-classes in each 
succeeding season to maintain the catch that was ac- 
tually taken in the following seasons. To simplify the 
calculations, we will assume that no sardines are 
caught until they are between two and three years 
of age and when they are “two-going-on-three” that 
they are as available to the fishery as are the older 
sardines. (Some one-year-olds are actually caught and 
some three-year-olds are not yet available, so this 
simplification should balance these two conditions.) 

“To estimate the number of new recruits, beginning 
with the 1939-class we have calculated the number of 
each new year-class caught per boat-month when two 
and when three years old and expressed these num- 
bers in percentage of the 1939-class. Because fish 
younger than the 1949 group were not yet old enough 
to be so measured, the 1950 to 1953 year-classes were 
expressed in percentage of the 1949 group as meas- 
ured on the annual surveys of the M. V .  Yellowfin 
(Table 11). 

“ I n  1941-42 a little over 6 billion fish were caught in 
the fisheries of California and the Pacific Northwest 
and the 1939-class comprised 53 per cent of these 
(Felin and Phillips, 1948). By trial and error we can 
determine the size of the population at  the beginning 
of 1941-42 large enough to yield the numbers taken 
in succeeding seasons. Of this population 53 per cent 
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Year-c1asa 

1939.. - - - - - - - 
1940 ._._____. 
1941 .._______ 
1942 ......... 
1943 ......... 
1944. 
1945.--..---- 
1946 ......... 
1947 .._______ 
1948 ..___.__. 
1949 ......... 
19 50~........ 
1951.. 
1952 
1953 

........ 

TABLE 11 

RELATIVE SIZE OF EACH YEAR-CLASS OF SARDINES BASED O N  THE 
SUM OF THE NUMBERS TAKEN IN THE CALIFORNIA FISHERY PER 

BOAT-MONTH WHEN TWO AND WHEN THREE YEARS OLD 

I I I 
Number per Per cent Per cent 
boat month' of 1939 of 1949% 

~ _ _ _ _ _ _ _ _ _  

3,974,700 100.0 _ _  
1,880,300 47.3 _ _  
1,104,600 27.8 _ _  
1,589,300 40.0 _ _  

938.400 23.6 _ _  
476.900 12.0 ._ 
409,300 10.3 _ _  

1.636.100 41.2 _ _  
2,144,000 53.9 - _  
1,308,000 32.9 _ _  

55,000 1.4 100 
........ .... 83 

............... .... 84 
................. _ _ _ _  150 
................. _ _ _ _  80 

46 
57 
65 
82 
79 
48 

would have belonged to the 1939-class, and with the 
percentages of Table 11 a measure of the number in 
each succeeding year-class can be derived. For this 
trial-and-error calculation we must also consider natu- 
ral mortality. This has been variously estimated be- 
tween 20 and 40 per cent if Man takes nothing. Two 
trials were made, therefore, one based on a 20 per 
cent natural mortality and one on 40 per cent. Fish- 
ing and natural mortality were combined into total 
mortality by the use of tables given by Ricker (1948). 

"Starting with an assumed population of 20 billion 
fish in 1941-42 the calculations were carried out and it 
was found that the population need not have been as 
large as this to continue the fishery through the most 
critical period in 1946-47 and 1947-48. The number 
was then reduced by one billion steps until the point 
was reached where the fishery could not have con- 

56 
65 
71 
85 
83 
57 

FIGURE 20. Size of population required to yield the number of fish 
taken with 20 per cent natural mortality and the 1939 year-class com- 

prising 53 per cent of the total in 1941-42. 
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1943-44 ........... 
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1945-46 ........... 
194S47 ........... 
1947-48 ........... 
1948-49 .._._._____ 
1949-50 ........... 
1950-51 ........... 
1951-52 ........... 

- \  

5'991 21799 81790 3;966 45 63 
3,252 4,028 7,280 4,076 56 70 

1,049 1,208 2,257 1,917 8 5 9 0  
226 1,037 1.263 965 76 84 
202 4,149 4,351 1.788 41 61 

1,697 5,428 7.125 2,754 39 59 
2,921 3,313 6,234 2,590 42 61 
2.431 141 2.572 957 37 58 

2,184 2,377 4,561 2.963 65 77 
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TABLE 12 

CALCULATIONS OF SIZE OF THE SARDINE POPULATION NECESSARY 
TO YIELD THE NUMBERS TAKEN IN THE PACIFIC COAST CATCH FROM 
1941-42 THROUGH 1953-54. THE 1939 YEAR-CLASS COMPRISED 53 PER 
CENT OF THE TOTAL POPULATION IN 1941-42; NUMBERS IN MILLIONS 

I Number in population I Mortality percentage 

Total Catch Fishing Total I l l  
Natural Mortality 20 Per cent 

1941-42.. ......... 
1942-43.-. ........ 
1943-44 ........... 
194445 ........... 
1945-46 ........... 
1946-47-.. ........ 
1947-48 ........... 
1 9 4 s - 4 9 ~ .  ....... 
1949-50--. . _. ._ -. 
1950-51 ........... 
1951-52 ........... 
1952-53.. ......... 
1953-54.. ......... 

7,520 
8.160 
6,329 
3,822 
2,525 
1,313 

350 
208 

1,592 
2,773 
2,422 
1,296 
1,116 
- 

- 
8.480 
4,011 
2,357 
3.392 
2,001 
1,018 

873 
3.494 
4,571 
2,731 

119 
99 

100 
~ 

16,000 
12,171 
8,686 
7,214 
4,526 
2,331 
1,223 
3,702 
6,163 
5,504 
2,541 
1,395 
1,216 

6,041 
4,343 
3.966 
4,076 
2,963 
1,917 

965 
1,788 
2,754 
2,590 

957 

20 
I 24 

Natural Mortality 40 Per cent 

38 I 49 
36 48 

55 :; I 56 
38 49 

20 
20 

1941-42 ...........I 8,930 I 10,070 1 19,000 I 6,041 1 
1942-43 ........... 8.550 4.763 13.313 4.343 53 1 

1952-53 ........... 1'080 1197 34 
1953-54 _ _ _ _ _ _ _ _ _ _  11 '790 I ;iL I '908 I it I i I 34 

tinued through the critical time interval. The trials 
finally selected are shown in Table 12 and Figures 
20 and 21. These indicate that a t  20 per cent natural 
mortality the population in 1941-42 must have been 
as large as 16 billion fish and at  40 per cent, 19 
billion. Since in 1946-47 and 1947-48 fishing mortality 
would have been 75 to 85 per cent a t  this low popu- 
lation level (a  highly improbable figure), presumably 
the initial population was larger than the size as- 
sumed or new year-classes contributed more to the 
population than here estimated. I n  order to make the 
following test as severe as possible we have chosen 
this smallest possible estimate of population size. 

"What would have happened to a population of 
this size if the catch had been held to 350,000 tons? 
Since lowering the take will leave more older fish in 
the population it is necessary to estimate not only 
the number of fish remaining in each succeeding year 
but also to convert these numbers to tons. From these 
two values the number of fish per ton can be calcu- 
lated. This conversion of numbers to tons was made 
on the assumption that each new year-class would 
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Numbera Fishing 

-__ 

2,550 16 
2,305 15 
2.236 17 
2,315 19 
2,250 22 
2.200 30 

t 

Total 

33 
30 
32 
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FIGURE 22. Effed of holding fishing ot 350,000 tons annually with 20 
per cent natural. mortality, an initial papulation of 16 billion fish in 
1941-42 and the 1939 year-class comprising 53 per cent of this total. 

FIGURE 21. Size of the population required to yield the number of 
fish taken with 40 per cent natural mortality and the 1939 yeartlass 

comprising 53 per cent of the total in 1941-42. 

’ 

in the first trials, the percentage taken by the fishery 
at  40 per cent natural mortality is improbably high 
in 1947-48. As indicated above, the test is too severe ; 
the population initially must have been larger or the 
recruitment greater in later seasons. Any correction 
for this would indicate that the fishery could have 
continued longer a t  the 350,000-ton level. 

average 195 mm standard or g inches total length and 
comprise 9,000 fish per ton. Older fish were assumed 
to average 220 mm or 10.2 inches and run 6,000 fish 
to the ton. (See Clark, 1952, for numbers of fish 
per ton.) 

“The resulting calculations (Tables 13 and 14 and 
Figures 22 and 23) indicate that the fishery could 
have continued at  350,000 tons through 1951-52 if 
natural mortality were 20 per cent and through 
1950-51 if natural mortality were 40 per cent. Since 
there was almost no recruitment to the fishing 
grounds after 1950 it is inevitable that the fishery 
would have failed eventually. In  this calculation as 

“ I n  the above estimates no allowance was made for 
the possibility that recruitment might have been at  a 
higher level under controlled fishing. With lessened 
fishing intensity the population and the fish in the 
population would have been larger, more eggs would 
have been produced, spawning might have been ex- 
tended over a wider area and a better survival of 
young fish might have resulted. 

TABLE 13 

WHICH 53 PER CENT WERE FROM THE 1939 YEAR-CLASS AND NATURAL MORTALITY WAS 20 PER CENT. NUMBERS IN MILLIONS 
EFFECT OF HOLDING TOTAL CATCH TO 350,000 TONS ANNUALLY WHEN TOTAL POPULATION IN 1941-42 CONTAINED 16 BILLION FISH OF 

Size of population I 
Numbera Tons’ 

Season I 

7,520 
11,040 
10.536 
8,767 
8,025 
6,417 
4.238 
2.351 
2,630 
3,745 
3,303 
1,061 

8.480 
4,011 
2,357 
3,392 
2.001 
1,018 

873 
3,494 

~ 4,571 
2,731 

119 
99 

16.000 
15,051 

‘12,893 
12,159 
10,026 
7,435 
5,111 
5,845 
7,201 
6,476 
3,422 
1.160 

1.253.333 I 942.222 
1:840;000 445;667 
1,756,000 261,889 
1.461.167 376.889 
1,337,500 222.333 
1,069,500 113,111 

706,333 97,000 
391,833 388,222 
438,333 507,889 
624,167 303,444 
550,500 13.222 
176,833 11,000 

I I I I I 

1 Number of tons of older &sh estimated at 6,000 Rsh per ton and of new year-class at 9,000. 

Total 

2,195,555 
2,285.667 
2.01 7,889 
1,838,056 
1,559,833 
1,182,611 

803,333 
780,055 
946.222 
927,611 
563,722 
187,833 

Mortality Percentage 

2.227 44 54 

2,623 23664 1 %i I :i 2,443 49 
2.125 62 69 
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Tons’ 

Older 1 New 
fish year-clasa 

TABLE 14 

WHICH 53 PER CENT WERE FROM THE 1939 YEAR-CLASS AND NATURAL MORTALITY WAS 40 PER CENT. NUMBERS IN MllLlONS 
EFFECT OF HOLDING TOTAL CATCH TO 350,000 TONS ANNUALLY WHEN TOTAL POPULATION I N  1941-42 CONTAINED 19 BILLION FISH OF 

1.1 18,889 
529,222 
311,000 
447,556 
264.1 11 
134,222 
115,222 
461,000 
603,111 

i 15,667 
i 368,111 

Size of population __ 
I 

8,930 
11,020 
8,996 
6,369 
5,406 
3.658 
1,752 

251 
880 

2,271 
2,010 

10.070 
4,763 
2.799 
4.028 
2,377 
1,208 
1,037 
4,149 
5,428 
3,313 

141 

19,000 
15,783 
11,795 
10,397 
7,783 
4,866 
2,789 
4,400 
6,308 
5,584 
2,151 

1,488,333 
1.836.667 
1,499,333 
1.061.500 

901,000 
609,667 
292,000 
41,833 

146,667 
378,500 
335,000 

1 Number of tons of older llsh estimated at 6,000 Rsh per ton and of new year-class a t  9,000. 

“It has been shown above that the average size of 
a new year-class in the 30’s was twice that of the 
~ O ’ S ,  and that the population in the 30’s exceeded 
that of the 40’s by 1.6 times. On the assumption that 
a population equal to that of the 30’s might have in- 
creased the recruitment by 1.5 times, tests were made 
of the potential yield of a stabilized fishery by in- 
creasing the recruitment of the 1940 and subsequent 
year-classes 1.5 times. This still allows for the effect 
of environment on the survival of young sardines 
and merely tests the possible result of having more 
eggs deposited. At the higher recruitment level in the 
40’s and a t  a 40 per cent natural mortality the fishery 
at  350,000 tons per year could have continued 
through 1952-53; then the fishery would have de- 
clined owing to the almost complete lack of young fish 
after 1950-51. Since 1948 the number of sardines in 
each year-class has been less than anything since 1930 
(the period over which we have estimates of year- 
class size). Either because of low population levels 
not enough spawn has been produced to take ad- 
vantage of favorable environmental conditions or the 
environment has been too poor to produce good spawn 
survival regardless of the number of eggs deposited. 
Not only must enough eggs be produced but they 
must be deposited in the favored localities. The 
largest year-class known (1939) resulted from heavy 
spawning off central California and northward, which 
suggests that better recruitment results from spawn- 
ing to the northward as far  as the Pacific Northwest 
and until recently the eggs deposited on the grounds 
off southern California made a major contribution to 
each new year-class. 

“After 1950 there was no spawning on the north- 
ern grounds and until 1954 fewer eggs were found on 
the southern California grounds. Between 1948-49 
and 1954-55 almost no sardines were found off central 

Total 

2,607,222 
2.365.889 
1,810,333 
1,509,056 
1.165.1 11 

743,889 
407,222 
502,833 
749,778 
746,611 
350,667 

Mortality Percentage 

Catch 

Numbers 
- 

2,550 
2,335 
2,280 
2,412 
2,338 
2,289 
2,397 
3,062 
2,945 
2,618 
2,147 

Fishing Total 

13 
15 
19 
23 
30 
47 
86 
70 
47 
47 

100 

42 
43 
46 
48 
53 
64 
91 
80 
64 
64 _ _  

California and the Pacific Northwest and the number 
of fish declined rapidly off southern California. 
Therefore, these waters could not be seeded. In  1954 
spawning again increased on the southern California 
grounds and the size of the resulting year-class should 
give another estimate of the relation of population 
size to recruitment size a t  a time when spawning 
occurs in a favorable area. 

(‘Assuming that the distribution of the fish and the 
distribution of the catch would have remained con- 
stant as it was in 1941-42 until 1952-53, the effect 
of a managed fishery of 350,000 tons through the 
12-year period would have yielded 4,200,000 tons. 
I n  this time interval 4,279,000 tons were taken. 
Thus under the second estimate of the effect of 
limiting the catch to a fixed seasonal tonnage, the 
fishermen and the processors would have experienced 
almost as great a catch and less disruption to the 
industry. Presumably the Pacific Northwest would 
have preferred management since no fish have been 
taken in this area since 1948-49. San Francisco and 
Monterey fisheries would have profited by manage- 
ment and the southern California industry would 
have been in a better condition had management 
prevailed. 

“It is not now possible to state categorically what 
would have happened under some different set of 
conditions than those that actually obtained. We can 
only say for the two examples given this would have 
happened, provided that the necessary assumptions 
were fulfilled. The two estimates of the effects of 
catch limits are both based on assumptions the valid- 
ity of which is not known, and it is not now possible 
to draw any firm conclusions about what might have 
happened to the sardine populations and to the fishery 
under a predetermined and constant annual tonnage. 
The best estimates available (Figures 22 and 23), 
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however, indicate that the fish population and the 
industry would be in a better condition had such 
controls been in effect.’’ 

Concerning the second point, Marr has concluded : 
“ (2)  Controlling the amount of effort: ‘It has 

recently been proposed by Schaefer (1954), that a 
maximum yield of sardines could be produced by 
controlling the amount of fishing effort. He examined 
some data on catch and fishing effort of sardines in 
the light of some postulated relationships between 
population size and population growth rate. Under 
his hypotheses, the sardine population would yield 
a maximum catch of 600,000 tons if fishing effort 
were held at  870 boat-months, as measured by Clark 
and Daugherty (1952). This he labeled as ‘equilib- 
rium catch’-that is, a mean catch about which ac- 
tual catches, given 870 boat-months of effort, would 
fluctuate (+ about 250,000 tons) owing to variation 
in the effect of the environment. He assumed fishing 
effort to be the ‘driving force,’ as have many other 
writers. Presumably, fishing effort ‘ drives ’ stocks 
down by increasing the total mortality rate they 
suffer. This would surely reduce the annual average 
stock size from its natural state, but, so far as the 
data show, smaller stock sizes will not necessarily 
produce smaller year-classes. Schaefer ’s curve of 
equilibrium stock is largely determined by the three 
seasons’ data, 1932-33 through 1934-35, when effort 
was lower than in recent years. We have noted that 
the 1931- and 1932-classes were well above average, 
and the stock sizes in the middle 1930’s were not in 
equilibrium. Judging from the extreme variation in 
year-class for a given stock size which we have ob- 
served in the available sardine data, the population 
has never been in equilibrium. Within the range of 
estimated stock sizes we have observed, the year-class 
sizes are quite independent of stock size. Since we 
find no maximum in our yield per recruit curves (by 
weight) a t  effort less than infinity, we would expect 
no greater yield to be obtained with any less fishing 
effort. 

‘ ‘ Schaefer ’s conclusion that catch can be predicted 
if the amount of effort is known, is presented graphi- 
cally in his Figure 9 (1954:52). It is of more than 
passing interest to observe that the sardine catch may 
be predicted at  least as well (if not with less vari- 
ance) simply by stating that the catch in any given 
season will be the same as the catch in the preceding 
season. This is shown in our Figure 24, in which the 
solid line indicates the suggested relationship and 
the broken lines indicate 200,000 tons above or below 
the solid line. Only three points fall outside these 
limits. Thus the amount of environment-caused vari- 
ation would make an effort limit ineffective or, a t  
best, very inefficient as a means of changing the 
stock size. I n  fact, we would expect to find no pre- 
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FIGURE 23. Effect of holding fishing at 350,000 tons annually with 40 
per cent natural mortality, an initial population of 19 billion fish, and 

the 1939 year-class comprising 53 per cent of this total. 

dictable effect of a change in fishing effort on the 
stock, as separable from the changes we should ex- 
pect that are independent of fishing. ” 

WHAT IS THE OUTLOOK FOR THE FUTURE? 
There are relatively few species for which the pre- 

diction of future catches has been attempted. There 
are few if any records of long periods of successful 
predictions for any species. There is no such record 
for the sardine, for the very good reason that the 
information necessary to successful predictions has 
not been, and is not yet, available. 

Information Necessary for Prediction 
If we wish to successfully predict the catch of a 

species we need information of the following five 
kinds : 

(1) FISHING EFFORT 

I n  order to predict the catch we obviously need to 
know how much fishing effort is to be expended in 
making that catch. It is probably fairly easy to esti- 
mate this quantity, drawing upon knowledge of the 
amount of effort expended in previous seasons, infor- 
mation on economic conditions and on competent opin- 
ion from industry members. It is also possible to make 
several catch estimates, each based on a different but 
possible amount of fishing effort. 

(2) YEAR-CLASSES ALREADY IN FISHERY 

We must have some information about the sizes of 
the year-classes which have previously entered the 
catch. We do not need to know the absolute sizes of 
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CATCH IN SEASON N Thousands of Tons 

FIGURE 24. Pacific sardine: Relationship of the California catch in 
each season (N+l) with the catch in the previous season (N), 1932-33 

through 1953-54 seasons. 

these year-classes, but a t  least need to know the size 
of each year-class relative to the other year-classes. 
We also need to have this information over a period of 
years, so that we may know the rate of decline to be 
expected of the year-classes from each age to the next. 

(3) ENTERING YEAR-CLASSES 

The size of a year-class (or year-classes) entering 
the catch for the first time will influence the catch. 
The direction of the influence will depend on whether 
that year-class is small, average or large relative to 
previous entering year-classes and also on whether 
there are few or many year-classes in the catch in any 
one season. 

(4) NATURAL MORTALITY 

We have to know what the rate of natural mortality 
will be, a t  least relati.Se to the previous seasons. A de- 
crease in natural mortality might be expected to in- 
crease the size of the available population (over that 
expected with the previously observed rate of decline) 
and an increase in natural mortality, by the same 
token, to decrease its size. 

(5) AVAILABILITY 

As we have shown, changes in availability can have 
a tremendous influence on the catch. We need to  know 
whether the fish will be available to the same extent, 
or to a greater or lesser extent, than they were in the 
previous season. While it is not essential that we know 
the absolute availability fraction, we a t  least have to 
know what it will be relative to the previous season. 

Predictions of tbe Sardine Catcb 

sider each of the necessary kinds of information: 
I n  order to predict the sardine catch, we must con- 

(1) FISHING EFFORT 

The amount of fishing effort expended on sardines 
in some recent years has decreased, but not as much 
as might be expected. Since Pacific mackerel, jack 
mackerel and sardines may all be taken at the same 
time and place and with the same gear, any boat that 
is fishing is scouting for all three species. When sar- 
dines become available to the California fishery as 
they did in the 1954-55 season, fishing effort upon sar- 
dines would be resumed. It would not immediately 
approach previous levels, owing to the fact that there 
are now fewer processing plants to handle the catch 
and to the fact that a t  present the bulk of the catch 
is canned and a further limit is thus placed on shore- 
side facilities. For example, the effort expended in the 
1954-55 season was limited by economic conditions. 
(2) YEAR-CLASSES ALREADY IN FISHERY 

The last large year-class which was in the fishery 
was the 1948-class and even this year-class was prob- 
ably only about one-third available to the fishery. By 
now fish of the 1948 and older year-classes are 6 or 
more years of age and cannot be expected to contribute 
much to the fishery, owing to natural mortality. The 
1949-class was very small, the 1950- and 1951-classes 
little, if any, larger. The 1952-class1 a t  one month and 
a t  six months of age, was about twice the size of the 
two preceding ones. 

(3) ENTERING YEAR-CLASSES 

Preliminary estimates indicate that the 1953- and 
1954-classes are about equal in size to the 1950- and 
1951-classes. 

(4) NATURAL MORTALITY 

As previously indicated, natural mortality is difi- 
cult to measure, but one series of estimates arise from 
data collected on the scouting surveys. 

(5) AVAILABILITY 

We have no estimate of the degree to which the 
population will be available in subsequent seasons. 

The events of 1954 show that sardines from the 
central Baja California area can also spawn off south- 
ern California. Fish from the two areas cannot, 
therefore, be considered to belong to two separate sub- 
populations. The occurrence of widespread spawning 
off southern California in the spring of 1954 and the 
presence of fish on the southern California fishing 
grounds in the fall of 1954 were associated with cer- 
tain change; in oceanographic conditions. Among the 
latter was the occurrence of warmer water earlier in 
the year than was true for immediately previous 
years. This condition approached, in fact, that of 
earlier years (1941, for example). 

The presence of fish on the southern California 
spawning grounds and on the fishing grounds in 1954 
does not represent something new. Rather, it is a re- 
turn to previous conditions which were interrupted 
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for several years. We do not yet know enough about 
the relationship between fish and environment to be 
able to do any long-range predicting, but we may be 
able to predict over the time from spring to fall. 

I n  summary of the future outlook, we may state 
that a continued revival of the sardine industry will 
depend upon: (1) the production of larger year- 
classes a t  more frequent intervals than has recently 
been the case and (2)  an increase in the degree to 
which the population is available to the fishery. We 
do not, as yet, understand the factors influencing 
both of these phenomena. 

SUMMARY AND CONCLUSIONS 
What Are the Questions? 

The present crisis in the sardine industry has given 
rise to a number of questions, which, we believe, may 
be expressed as follows: 

(1) What causes fluctuations in the size of the sar- 
dine population ? 

(2)  What causes fluctuations in the catch of sar- 
dines ? 

(3) What influence does Man have on the sardine 
population t 

(4) What is the outlook for the future? 

What Are the Answers? 
By gathering together as much published and un- 

published data on sardines as we have been able to, 
by considering these data in one body, and by draw- 
ing upon principles discovered in other fishery studies 
as well as other fields, we have reached what we be- 
lieve to be the most complete answers to these ques- 
tions that i t  is now possible to give. They are not 
offered in the sense of being final answers, but they 
are useful as a summary of present knowledge, as 
an aid in clearing up misconceptions, and, perhaps 
especially, in emphasizing the nature and extent of 
the problems remaining. 

(1) Fluctuations in the size of the sardine popu- 
lation arise from differences between additions to the 
population (entering year-classes) and subtractions 
from it (natural and fishing deaths). Estimates of 
the size of the sardine population over the period 
1932-33 to 1953-54 are in the order of 4 to 40 billion 
fish in the 1 9 3 0 ’ ~ ~  2 to 25 billion in the 1940’s and 
1 to 15 billion in the first half of the 1 9 5 0 ’ ~ ~  with an 
average minimal population of about 6 billion fish. 

The additions to the population, or year-classes, 
from 1930 through 1950 have varied in minimal size 
from 0.01 in 1950 to 7.2 billion fish in 1939, with an 
average minimal size of 2.5 billion fish. The specific 
causes of such tremendous variation in year-class 
sizes are not known. Any theoretical relationship that 
might exist between spawning stock size and year- 
class size is obscured by environmental influences. 

One interpretation (Marr) of the data is that year- 
class size is a function of stock size only at, or below, 
the smallest stock sizes observed. An alternative inter- 
pretation (Clark) is that stock sizes below 4 billion 
fish produce smaller year-classes than do stock sizes 
above 4 billion fish. Studies of survival rate during 
the first month of life indicate that survival in the 
1952-class was about twice that in the 1950- or 1951- 
classes. 

The subtractions from the population (deaths) are 
difficult to measure. The total mortality rate increased 
from about 24 per cent to 59 per cent between 1932- 
33 and 1936-37, was fairly constant around 50 per 
cent until about 1943-44, and fluctuated around 65 
per cent to 1952-53. Fishing mortality estimates are 
between 20 and 30 per cent in the earlier period and 
between 50 and 60 per cent in the later period. Nat- 
ural mortality estimates are between 20 and 40 per 
cent and do not appear to have changed greatly. 
Better estimates of mortality rates, especially natural 
mortality rates, are needed. 

(2)  Fluctuations in the catch of sardines may be 
caused by fluctuations in the amount of fishing effort, 
fluctuations in the abundance of the population, and 
fluctuations in the availability of the population. 

Between 1932-33 and 1945-46 an increase in effort 
tended to result in a corresponding increase in catch 
and a decrease in effort tended to result in a corre- 
sponding decrease in catch. This relationship was 
immediate. After 1945-46 an increase in effort resulted 
in‘little or no increase in catch. Reasons for the de- 
cline in total catch are to be sought, therefore, in 
variations in abundance and availability. 

We have already discussed under (1) above the 
causes of fluctuations in abundance. Estimates indi- 
cate that the population in the 1950’s was one-half 
to two-thirds of the population in the 1930’s. 

Availability phenomena belong to one or another 
of three categories ; local variations in behavior, the 
geographic distribution of the population with re- 
spect to the geographic distribution of the fishery, 
and the distribution of subpopulations (if such exist) 
with respect to the distribution of the fishery. 

Local behavior variations may be represented by 
temperature-connected differences in the density of 
fish within schools, age-connected differences in school- 
ing behavior and so on. 

Evidence of variations in fish distribution with 
respect to the distribution of the fishery accrue from 
tagging experiments, the failure of fish to reach Brit- 
ish Columbia in 1933 and 1939, a greater than ex- 
pected number of fish entering the California catch 
in 1949-50 and a lesser than expected number in 
1946-47, failure of a net northward movement be- 
tween spring and fall across the U. S.-Mexican Bound- 
ary in 1952 and 1953 and the influx of sardines from 
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Baja California waters into southern California 
waters in the spring, summer and early fall of 1954. 

Differences between subpopulations, as we use the 
term, must have a genetic basis. There is evidence of 
heterogeneity in the sardine population from the exist- 
ence of perhaps four spawning centers and from 
differences in size, in age composition, in meristic 
characters, in scale types and in growth rates in dif- 
ferent parts of the population range. We do not yet 
know if these differences are of genetic origin or if 
they are induced by the environment. The events of 
1954 show that the southern California and central 
Baja California groups are not distinct. 

(3) The two possible ways in which Man may in- 
fluence the population are considered. Controlling the 
size (age) a t  first capture is impractical in the sardine 
fishery. But sardine yield-per-recruit curves are such 
that the present fishery tends to produce the maximum 
yield (weight) per recruit. 

If year-class size is not a function of spawning 
stock size, then controlling stock size by controlling 
catch could not be expected to cause the production 
of bigger year-classes. Estimates (based on available 
data) of the effect of a 300,000-ton limit on total catch 
applied in 1941 show that the reduction in catch be- 
tween the 1945-46 and 1949-50 seasons would have 
been less severe than the actual decline, but that the 
decline following the 1950-51 season would have been 
virtually as severe and as precipitous as that actually 
observed, and a net decrease in catch of about 
1,240,000 tons would have resulted. If the natural 
mortality rate had been lower than that used in the 
previous estimate, the 1945-46-1949-50 decline would 
not have occurred, but the decline following the 1950- 
51 season would have occurred and a net decrease in 
catch of about 568,000 tons would have resulted. 

If year-class size is a function of stock size, then 
controlling stock size by controlling total catch could 
be expected to cause the production of bigger year- 
classes. Estimates (different than those preceding) 
of the effect of a 350,000-ton limit on total catch 
(including the Pacific Northwest) applied in 1941 
show that the fishery could have been maintained 
through 1952-53 before it suffered a marked decline 
owing to the very low recruitment level of the 1949 

and subsequent year-classes. The total tonnage taken 
would have approximated that actually taken by the 
uncontrolled fishery. 

Since we do not know the validity of the assump- 
tions on which any of these tests are based, we cannot 
state categorically how a fishery controlled at  a fixed 
tonnage might have affected the sardine population 
between 1941 and 1953 and how much Man would 
have been able to harvest from that population. 

(4) The information requisite to successful and 
precise predictions of sardine catch is not now avail- 
able. The major lacks (and this suggests future 
emphasis in sardine research) are information about 
availability changes and natural mortality changes. 
Estimates of the relative size of entering year-classes 
are available, but need to be refined. 

Even so, it is apparent that there will be no sudden 
and large revival of the sardine industry until there 
are a series of larger year-classes than have recently 
been produced and until there is an increase in the 
degree to which the population is available to the 
fishery. We cannot predict when these events will 
occur, but there is no evidence to indicate that, sooner 
or later, they will not occur. 
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