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INTRODUCTION

The fishery for Sardinops caerulea, known as "sardine! in California
and "pilchard" in the Pdcific Northwest, became important during the war
of 1914-1918 and has since grown to be the largest in NWorth Amcrica. It
started in California and reached its greatest development here. 4s early
as 1919, research on the fishery was under way by the California State
Fisheries Laboratory, an agency of the California Division of Fish and
Game. Lore recently, as the fishing spread into northern waters, Orcgon,
Wiashington, and British volumbia have engaged in research and, since 1937,
the U, S. Bureau of Fisheries, later becoming a part of the U. S. Fish
and Wildlife Service, has also participated. With five agencies working
together, this has become a cooperative research program, in the best
sense. In the spring of 1936 and annually since then, the biologists
have met to discuss the problems of this fishery and to coordinate their
efforts to solve them.

Out of' the rosearch activitics and from these meetings there came
evidcnce of the comploxity of the problem of research on the sardinc and
of the need for clarifying relations between various phases of the re-
scarch. These have been discussed pericdically and at length within the
staff of the South Pacific Investigations of the U. S. Fish and Wildlife
Service. At one of thesc staff meetings was drafted a statement of ob-
jectives and of the information required to attain them. As the time for
the 19,2 confercnce awproached, Dr. Hichard Van Cleve, Chicf of the Burcau
of Marine Fisheries of the California Division of Fish and Game, suggested
the desirability of a formulatcd outline as 2 guide for discussion. In
collaboration with Vernon 3rock of the Orégon Fish Comuission, such an
outline was dravn, following a procedural diagram which I constructed at
the same time, and cmbodying results from our Scrvice staff meetings and
the suggestions of Dr. Van Clcve and lr. Brock. <he diagram mentioned
( oovosite ) thus rcpresents the ideas of a number of persons. It
was distributed and discussed at the 1942 meeting of the five agencies
without eliciting demands for important revisions, ‘/hile the program
is thus the product of a2 number of pcrsons, the exposition given herewith
is that of the Fish and Wildlife Service laboratory at Stanford University
and includes argument on what may bc considered controversial topics.

It is appropriate, then, that the.responsibility for the cxposition be
assumed by the author who hastens to add that the program is subject to
constant rcvision.

This discussion is mainly an elaboration and justification of the
dizgram, which by its:lf is somewhat cryptic, owing to the compression
of complicated ideas into short phrases. In the outlinc the titles of
proccdures or projects eithcr under way or rather fully planned are en-
closed in solid-linc roctangles and connected with the others by solid
linegs. Those rccognized as desirable or essential but not yet integrated
into the working program arc indicated by broken linus. Heavier lincs
follow tht main procedural path and lighter ones connect tributary adjust-~
ments with the main procodural lines. Th: titles at the left margin,



not encloscd by roctangles, refer to material to the right of each.

To prescrve the closest possible connection between text and diagram,
the exact phrasgology used in the diagram is repeated as heoadings in
the text, even though, in some instances, it results in rather awkward
contoext.

Objective

Underlying the investigations of the U. S. Fish and ‘Hldlife Service
on the Pacific sardine or pilchard are certain ideas or theories, the
discussion of which will clarify that of objectives. In the first place,
it is recognized that before fishing took place the sardine population
had filled its ecological niche and that, apart from fluctuations such
as occur among all organisms, the deaths, on the average, cgqualed the
births and the population was in equilibrium, i.e. neither increasing
nor decreasing in total mumbers. Moreover, the deaths under thesc con-
ditions were all due to #natural" causes. Predators werc, of gourse,
responsible for o substantial portion of the natural mortality; but the
basie influence tending to koep the population in chocl must have been
compcetition within the population. This competition may have been of
many different forms, all, howcver, connected with the density of the
population itself., It might be failure in reproduction which could arise
from the overabundance of spawmers, the debilitating effects of which
might affect the viability of their cggs; or if the viability of eggs
were unaffceted, simple spread into marginal spavming grounds with con-
sequent failure of egps to hoteh would kecp the population in check.

Or the competition mizht simply incrcasc mortality through division of

a limited food supply among more mouths. Or the pilchard population,
grovm to maximal size, might so well supply predators with food that
they would multiply to an extent which would check further increasc of
the pilchards. Whatever the mechanism, the existence of a depressing
effect of population -size on population increase is implicit in the idea
of natural population equilibrium. It also involves negation of the
idea that 2 fishery can ultimately destroy a population.

What, then, happens when an important amount of fishing takes place?
There is an added causc for deaths. Thesc.dcaths are largely among adults,
and to the extent that catch mortality goes beyond replacing natural mor-
tality, that is, to the extent that fishermen take fish that would not
be eliminated by sharks and other predators, the number of adults in the
population is reduced and the size composition is changed in the direction
of fewer large individuals. But the fact that the population grows lesser
in numbers and its individuals smaller in size, is no proof that the fishery
is taking more than it ought to take, for another thing is happening at
the same time. The depressing =ffect of population-size on population-
increasc is diminishing. If internal competition had been strongest among
the commercial” sizes, catch mortality would largely rcplace natural mor-
tality and thc population decrcase would be slisght. If it had been strong-
est among pre-commereial sizes or between commercial sizzs on the one hand
and pre-commsrcial sizes on the other hand, then replenishment of the com-
mercial population would increcase somewhat in proportion to the amount of-
"thimning out.!



‘8o far the argument has been speculative. t it is not necessary
to rest on this. There have becn many experdments in which populations
have bcen rearcd under laboratory conditions. These have involved such
diversc forms as ycast, diatoms, protozoans, insccts, and even fishes.
In 2ll of them the rate of increase was rapid while the population was
small and slowed down as it grew larger, finally ruaching a size beyond
which therc was no increase. Initially, when the population is small,
cven though the reproductive rate is high, relatively fow individuals
are added because therc are only a few producers. Finally, when the
population is at its maximum and thers are many reproducers, there are
also relatively few individuals added, either because the reproductive
rate has become depressed or because mortality has become so high as
.to offset the additions from reproduction. Usually both a depressed birth
rate and incriased mortality operate together to keep the ncet increase
in numbers of individuals at 2 minimum. In contrast to the small increase
in population-sizc at both low and high population densities, is the large
increase that takes place when the population is about midway betwecn
these extremes. Then, the population is large cnough to have many re-
producers and small enough so that the reproductive rate has not been .
graatly lowered and mortality has not yet been intensified. 1In this state,
the increasc in numsbers of individuals per unit of -time is large. '

The lesson is obvious. A population has its maximum increases when
it is neither at maximum, nor minimum, size, but when middling in size;
and that is the lovel at which the most individuals can be regularly |
removed and still be fully replenished by the populationt!s inhcrent ten-—
dency to grow.

Of course, with a population of fishes in their natural habitat,
things arc not as simple as in thosc experiments. With the pilchard
it is almost beyond question that predation would be a large influence.
Fortunately, there have been population experiments thet included the
element of predation. 1In these it has becn shovm that the predator popu-
lation increcses as the prey increascs - with a time lag, to be sure.
Therefore, holding a prcy population at a middling size would similarly-
limit its predators, cspecially with & specices like the pilchard which
is in a dominant position among prey fishes. So the factor of predation
should not greatly ‘alter the fact that replaccment will be maximal in
a mediun-sized population. The time lag in the growth curves of composite
predator-prey populations does introduce fluctuations and may disturb
not only the general level but also the precise level at which the prey-
population would otherwisc hawe its maximal replacement. This, however,
does not.affect the general concept.

According to this idea, the optimal amount of fishing would be that
which lowers the population numbers to a level at which maxirum increase
takes place. Such a fishery will remove only as many fish as will be re-
placed and the number rcmoved will be the largest number that can be regu-
larly removed without further disturbing the population-size.



However, therce are things to be desired in a commorecial fishery
beyond mercly a continuing yield of maximal numoors of fish. The stock
must be sufficiently abundant to be cconomically fishable and the sizes
of fish in the catch should be economically desirable.

7 At the present stape of research on the pilchard population, we

do not have any notion of the level at which maximum replacement would
take place, nor as to whether the abundance at that level would be an
economic one or whether the size composition would be commercially de-
sirable. W. can, however, be confident that the replacement, the abun-.
dance, and the size composition will be affected by the fishing intensity;
and we can be sur: also that vie shall want the replacement to be equal

to the catch so that no continuous decrement will ensue.

" . Therefore, for thc time being, the objective is "ito determine at |
various levels of fishing intensity the aquantity and quelity (sizes of
fish} in the average annual catch." Choice of the optimum intensity can
then be made amcng the conscquences of the various fishing intensities
according to whet is economically and socially duisirable. That will
undoubtedly involwe othor than biological considerations. ;

It should be noted particularly that it is not an objective to de-
termine whether abundunce is decreasing. The: population can be expectad
to decrcase long bofore maximal yield 4s reached. It is not along an
objective to deternine whether the awverage size of the fish is decreasing.
This probubly will be the finding but is not of its:1f a sufficient in-
dicator oif a desirablé or undesirable situation. No mention is made of
protection of spavmers or of spuming grounds, or of size limi*ts, or of
closed seasons, or of wasteful practices in utilization, or of other.topics
that ofton are the concern of conservitionists. These itens may or may
not be involved eventually. At this time, they are secondary to the de-
termination of vhat consequences attend different amounts of fishing and
canmet ‘be intelligently considered until these are known. In fact, the
method of conscrving & commercial fishery involves social, cconomic,
and political considerations and lies in the ficld of political cconomy.
Biologists need only detcermine the conseguences of certain actions and
ke them kmown to the law-makers and administrators.

Characteristics of Catch and Stock

The objuctives are stated in torms of what will be caught at dif-
ferent levels of fishing intensity., With sufficient information, the
characteristics of the catch could be defined each season, and over a
long time, empirical curvis could be made that would show the relationship
of intensity of fishing with quantity and quality of catch. Indeed,
save for data on fishins intensity, ready collection of which was pre-
cluded by certain practices of the fishery, this job of biological ac-
counting has been done by the California State Fisheries Laboratory over
a period of 23 years during which the fishing intensity has varied widely.



Had it been p0351bl7 to inelud. fishing intensity or its complement,
relative abundancek today!s task would be cnormously facilitated,
Even so, it would be nvcessaty to relate or transform the characteris-
ties of catch to those of the stock, for replenistment depends on the
fish that are left in the sew,

Of course, if the fishery took a random sample of what is in the
sea, the charncteristics of catch would be the same as thosu of stock,
But if we can be sure of only one thing, it is that the fishery does
not take a random sarmplz.s In the Paciric Northwest (Oregon, Vashington,
and ‘British Yolumbia) the fishery over—sanmplues the older fish; in southern
California, the young. In central California, it perhaps over-samplaes
those of intermedinte apus. In certain arens batween ports, notably
off northern California and southern Orsgon, thers is no fishing, At
& single port, th: sizc compesition changes simmificuntly from day to
day, week to week, and month to month, and there is no assurznce that
the catch of the various sizes is proportional to their relatiwe abundance
in the sea. 1In f.ct, it is cbvious that the variocus components of the
stock are represcnted in thoe cateh in proportion to the length of time
each is subject fo fishine in a partizular area and not at all in pro-
portion to its abundaonce in the sea,

Thus the mijor problem of resevarch is how to deducae the characteris-—
tics of the stocit from the Available samples in the catch. Once those
are knovn, totzl mortality can be estimated by computational proecsses
developed by Jaranov, Thompsen and Sell, Ricker, @nd oth.rs, 4lso under
certain conditions, 1t will be possible to separate natural from catch
mortzlity; and both being knovin, to compute the recruitment (the cquiva-
lent of the actuary's birth-rate, taken as of the attainment of eommercial
si%a).

Anclysis

In the diagram, the central part-aonalysis is taken up with the
processes copcerned with adjustments, conversions, and comolndtions in-
tended to transfora data frowm the coteh into attributes of the stock,

Thesc processcs leading to "vitaol stotistics! nre so complax thot simple
appralsals of their reldability by conventdonul stotistical methods are
unavailing., Confirmitien must, thorefore, bo scught in results attoined
throush independent cpproaches. The only other approach that is currently
being followed Is togginpg. the processes involwed in this braneh of ro-
sdarch arc noted in the left-hand portion of the diaprem and will be dis-
cussed under the hending of "Topging resenrch.Y  fven after determinations
of mortality and recruitment have buen mode by two methods and cne found
to virify the othur, it is still neccssary to inwvestdgatc recruitment be-
cause changes in it arc of diffiring significance, depending cn whether
they be duc to the changes in the stock ituelf or to fluctusticns in the
environment, The forescuable meons of desling with this problem are listed
in the right=-hand part of the didgraa, and 1ill be dlaCla:Gﬂ under the
heading, "Recruitment rnacarch."

}/at uniform aveilability and with no competiticn between units of gear:
Relztive abund.nce = catch-per-unit-cof-cffort; and
Humber of units of =ffort = Cateh
Catch-per—unit-of-21{6rt

5



VITAL STATISTICS
Source Data

Total catch. — The basic data for this central ranch of research
are the experiences of the fishermen themselves. Their “Total catch"
is needed indirectly to derive "Intensity of fishingz." It is used also
to compute '"Vital statistics," a connection which is not shown in the
diagram. Thesae statistics are collected by the several Pacific Coast
States and the Province of British Columbia as a matter of adnlnistratlve
routine,

doat operation. - Records of activity, particularly of the time spent
fishing, would be invaluable for computing "Catch-per—unit-of-effort,"
as it would pernit by-passing two adjustments and would avoid an addi-
ticnal difficulty inmherent in statistics of "Catch-per-boat-week." Un-
fortunately, rocorus of boat operation ares lacking except for a very small
sample resuiting ‘roi an obsesver's interviews with fishernen. Vhether
or not these int:rviev-data mar be pressed into service in lieu of more
complete opurationil reccords remains to be seen.

Boat-catch-rocords., — For the time being, the records of individual

daily landings by. {ishinz boats, arc the main raliance in deducing changcs
 in abundance or in availability of the pilchards from time to time and
from place to place. These records collected by the State and Provincial
Governments, give only the guantity of sardines in cach delivery to the
processing plants. In California, pach delivery represents one night or
.a fraction of one night of 1ishing, in the Pacific Northwest, from a frac-
tion of a day to sevoral days of fishineg. In neither region is there any
record of nights or days spent in fruitless effort.

Length samples. — "Length samples" cover the measurements and desig-
nations of sex of a sample, uSually 50, of individuals, from a delivery
of sardines. In California, prior to thc¢ season of 1941-42, semi-weekly
samples from 5 deliverios were taken by the California otate Fisheries
Laboratory. OSince then, daily samples up to ten in number werc taken by
the Californina State Fisheries Laboratory at San Pedro and Monterey and
by the Fish and Wildlife Service at San Francisco. Suoplementing these
are special series of 100-fish samples collectoed by the Fish and wildlife
Scrvice at San Francisco and Monterey daily over certain periods during
the three scasons prior to 1941-L2. In the Pacific Worthwest, sampling
‘has been somewhat less systematic. In Sritish Columbia, the Fisheries
Research Board of Canada has taken one 100=fish sample as nearly daily
as fcasible. In Washinston, the Fish and Wildlifc Scrvice in some scasons
and the i ashincton Fisheries Department in others have collected one to
scver:l 50- to 100-fish samples daily. In Oregon, the Or:gon Fish.Commis-
sion has taken onc to ssveral 50- to 100-fish samples som:times uaily
and sometimes intermittently. ‘




Scale samples, - Beginning in 1941-L2, scale samples have been sys-
tematically collected from ten fishes in each length sample by all of
the agencies engaged in sampling. During threc prior scasons similar
samples werz less regularly obtzined by the Fish and Wildlife Service
and in thesc and earlicr secasons some scales and otoliths were gathered
by the California State Fisheries Laboratory in California and by the
Fisheries Research Board in Canada. The utility of thesg earlier collec-
tions is dubious but is now being surveyed by the fish and Wildiife Service.

Analysis

Catch-por-boat-waeek. — The processes described under this heading
have been devised for handling the California statisties for the seasons,
1932-33-1940-41. Hodifications will be necessary for use with data for
the Pacific Northwest and for other periods in California. The accepted
manner of computing the catch-per-=boat eliminates two sources of veriazbility
that are extrancous to fluctustions in abundunce or availability, namely:
variations in numocr and in thc type or size of boats fishing, This is
accomplished by comparinz a boat's performance during two separate periods.
The resulting pairs of relative catchos are combined by averaging to repre=-
scnt fleet performince, and combined by linking to form a time series.,
3ecausc the opportunity to fish is wvariable, depending on the duration
of the moonlcss portion of thu night, the statistical scries have been
divided into luncr periods and each lunar period into four lunar weeks.
Year-to-year ratios arc then computed betvieen pairs of homologous lunar
weeks. However, this statistic still contains several extraneous sources
of variability. One is the varying amount of idleness of boats, assumed
to be fishing, but actually in port on account of rcpairs to muchinery
or gecar and of misceliancous causcs. It has becn assumed that this is
random in occurrence, and has no trend effect; and lacking any record,
no account of it is taken in thc computations. Two other sources of vari-
abdlity are treated below.

Adjust for cfficiency. — There may be changes in efficiency connected
with the: skill of crews and modifications of gear. Ac yet no means has
been devised of dealing with such variations.

Adjust for woather. - By computing regressions of average daily catch
per boat according to weather congitions a relation between the two is
derived and usied as an adjustment factor. The cffoet of variation of
1vailable fishing time cach night is 2lso incorporatcd in the regression
systems.

Bxtensive xporimental analysis of wind movement as recorded by
anemometor at such meteorological stations s wore available, has lad to
the discarding of this source of wusther dati. Instead, the wind movement
is deduced from barometric gradionts in a munner which gives a representa—
tion of conditions over an extunsive soc arca adjacent to cach fishing
port. Dircction as well as force is correlated with catch, and both enter
into the adjustment. Other clements such 25 fo and precipitation appear
to have no statistically consistunt cffccts on the catch, probably because
conditions at the observation points diffcr too much from those on the
fishing grounds.



The weather adjustments alrcady computed have measured the effect
on daily catch-per-boat as an 8=scason average cffect and, while rcliable
over a long period, are not accurate for short periods of time or for
specific days.

Adjust for limits. - Processing plants, at times, have limited the
amount of fish reccivable from a boat. Under thesc conditions, compliant
‘boats stop fishing when the linit is approximately attained and the av-
erage catch must be less than if therc -had been no limit.

The adjustment.for the cffoct of limits, however, is based on the
assumption that thedr prineipal effect is to shorten thu period of fishing
per night. Vhen a 1limit catch is atteined by a boat carly in the night,
that boat's fishing cffort should bu figured as only a fraction of a night.
This may bc computed as the ratioc of the actuel, to the total available,
fishing time.

Account is tuken of bout-capacit ty, ds well as imposcd, limits. The
time of attaining iimits is rucorded only for the catches of boats whose
skippers ar: interviowed when a sample of fish is taken. This is only
a2 small fraction of the whole numbcr but it is assumed that the average
time applies to the untire flect. Duc to the smallness of the sample,
the adjustment is computed s an averaee for an ontire lunar weck. It
is probably roliabl: for long, but not for short, periods. Complcte
operational records for the boats would bo butte* if thesc were available,

Convert woight to number. - Cotch statistics arce always in terms of
weight, out data must be in numbers of fish for computation by the mcthods
of ¥ital statistics. As the relationship of weight to number fluctuates
in accordance with sizc-composition, the conversion is made on a daily
basis. From a predetermined length-weight relationship, the averagse weight
of fish in the day's length-frequency distributions is computcd and this
average Lelght divided into the pounds-caught-per-boat-day, converting
that statistic into numbirs-caught-per-beat-day. For samples taken in
1941 -2 and subsequent scasons, the average weight is dthernLd by dirsct
waighing of cach sample.

If now, we werc to weight each day's freguency by cuch day's numbers-—
caught-per=-boat-day and sum th. frequencies for all ports and 21l days
for cuch season, the rosulting curves might be taken as representing the
rolative abundance of cach size of fish for the scries of. scasons and the
task of convirting catch statistics into stock statistics be considiored
complet.o.

Indeed, Hodgson (1939) rogarded this very process, less some of the
adjustments, as giving the relative abunaunec of cach year-class in the
Ezs5t Anzlian herring fishery. To.usc an gnalagous'methcd for the Pacific
sirdine would be to ussume cither that: (1), The overage boat's fishing
c;pﬂcity was tqual in the flect of cach port, or that an equal proportlon
of th. fish population was drawn upon by cach port; and (2), the various
sizes of fish were available rondomly from cach port, or that the length
of time a complex of sizes of fish was awvailoble at coach port was propor-
tional to the population. Howcver, thesc assumptions are either known or
suspected to be erroncous. Various further devicis of Udlﬁhtlng, Sclece
tion, and combination necd be cmployad.
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Adjust for agrregation hithits. - If'a scrics of samples taken at a
particular fishing port bc compared as to size-composition, it is apparent
that among them there are sumplas that roscemble each other sufficiently
to have come from the same population but differ cnough from certain other
samplies to indicate that the latter must have come from different popula-
tions. Since the various samples come from different schools it appuars
that certain groups of schools have a uniform pattern of size-composition
and, if so, they must have besn associated for a significant period of time
durlng which their roaction pattern was the same within, but different be-
tween, the groups of schools. This corresponds tor views uxpressed by Ik
Thomp Son (1926 p. 163): "Catches of a certain type, or truns! having cer-
tain characteristics, prevail for varying ptriods of time, and each of
these periods is a varizble unit itself.?" OQur view differs only in sup-
posing that there may b simultancous occurrence of different types of
"runs,! -- 2 possibility doubtless appreciated by Thompson or one that
certainlg-WQuld have becn, if the fishery of a given port had spread over
as large an arca, then as now, It will be conweni:int to rcfer to what we
have called Y"groups of schools" and what Thompson has called "runs" as
school-groups.

Obviously the population fished from a given port is not randomly
distributed as tec size. Unless the pericd of time each school-group is
Mavailable! to the fishery is sither: (1) Random or (2) proportional to
the abundance of cvich school-group, ocur sampling system, cven though "strati-
fied" as to time, :nd cven though weighted according to catch-per-boat
in the time straty, cannot falthfully represent the population of school
groups fished from that pert during a fishing season.

The summation of such weighted samples would weight the sizes in
accordanee with the fregquency or length of time the school-groups domi-—
nated by those sizcs were fished by the fleet. Since the length of time
the school-group is oresent and aveilsble on a ground is more likely to
be associated with its rcaction pattern and the fluctuations in oceano-
graphic conditions than with the relative numbers of fish represented
by cach school=-group, such weishting would represent largely availability
rather than cbundince of fish.

At the present time (spring of 1942) means of distinguishing school-
groups are being developed. Methods of cmploying the school-group idea in
adjusting samples will have to await 2nalysis of the occurrence and persis-=
tence of school=-groups. It may lead to a method of weighting in school-
groups or of combining samples in certain mamncrs or may merely serve as
back=ground infornotion for appraising the validity of methods based on
other prineciples. Since metheds ere still uncertzin the rectangle labeled
"idjust for aggregation habits" has been related to the main line of pro-
cedure by a broken line.

Compute suasonal weights. = Apart from the departure from random
distribution of schocl-groups within short perieds of time, there is an
evon greater diffcrence boetween the fall and winter populations in Califor-
nia, especially in the sezsons prior to 1938-39. The f21l fish are pre—
dominantly young adults, 3 to 5 or 6 years of age; the wintur fish, old




adults ovor 5 or 6 years of age. Usually the fall scason hos been longer
than the wintcur scason and dircet swamation of swples would heavily weight
the young adults. Judging froa preliminary computations, which indicate
greater abundance - morz marked a decade or more ago than at present - in
the wintor when the old adults are dominant, weighting in the opnosite
dircetion wbuld be morc appropriptes. Obviously, these phenomcna nced be
taken into account in corbining the samples for the two parts of the fish-
ing scason. :

Compute regional weights. - The sardinc at diffcrent ages tonds to
ircquent diffirent places along the Pacific coast (F. M. Clark 1940 pp.
Lh=k6). In general, smaller individuals prcvail in the south and larger
ones in the north, with many cexceptions in detail. Hence, thc fishery
at any one pert doos not afford a true cross=-scction of the entirc popu-
lation., To get that, samples from the different ports must be combined
in proper ratios. Logically they should be veighted in proportion to the
fracticn of the total ponulation available fron each port.’ As these frac-
tions differ from one part of the scascn to anothur, and in any case are
difficult to determins, the computation of regional weights is no simple
task.

In nmencral, the basis for such weighting nmiesht reasonably be the
estimate of relative abundance provided by the catch-per-boat-week. But
the method by which this statistic has been computed uses a different yard-
stick at cach psrt. That standurd must be calibrated by some kind of
detecrmination of the rclative fishing capacities of the boats in the fleet
of cach vort. This projeet is under development but hias not yet becn
advanced to thﬂ point where its usability is assured.

Another measure for determining the weighting for cach port might
be derived from the statistical analysis of tagpged=fish rzturns. It would
dep:nd on computing the proporbdional amount thot tapsed fish are diluted
by release in the population of 2ach fishing region. Certain difficulties
cormlon te nany tagzing computations have so far prevented its uso; but
its desirability is indicctaed by the broken line running from #Statistical
analysis® of the tagging procedurazl line to "Compute regional weights.M

Combine samples. = At presont, alternate vays of combining samples
are under censiderztion. The first and siuplest plan assumes that the
vieightings have fully discounted vorictions in availability so that a
simplc suwamation of weizhted samples will suffice to give seasonal fre-
quency distributions that will portray relative abundance of cach size
class and show the rclative zbundince of all commercial sizes fron one

season to ancther. As bufore stated, howvever, there is reason to distrust
this assumption and unless further cans1dcrht10ns dictate nthnrwise, an
alternative will be 1dopted.

The sccond plan docs not require assumptions 2s to whether the weighted
samplas represunt relative availability or abundance. It is designed tc
provide an adjustment converting availability to abundance that will not
produce erroncous results even if availlability is not a factor to be dis-
counteds In essence, it is a method of selecting among the weighted samples
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for 211 sampling days at all ports the ordindtas for cuach size-category

which most ncirly r.opresent homelogous 1l.ovels of availebility. The method
takos its form from the idea that cacli size-category is present in varying
degrees of availability to the fishery from time to time and from place

to plice throughout the axtent of the fishing grounds. If then, the weighted,
sanplo—day frequencics correctly portray the availibility of each size=
category, then, for cach size-catoegory a froquancy distribution of erdinate
hcights will describe the number of times this size-catigory occurs at
various lcvels of availopility.

e probluem then is one of salecting from these ordinate=height fre-
quenicius the ordinste elasses reprosenting homologous luvels of availa-
bility. Theorutically, it would be desirable tu have 2 selection that
would ropresent maximu: (or 100 paercent)availadility of cach size-cate=
gory. This would roquire selaction of thoe maxinum ordinate among the
whole collection of crainates for & given size-catogory. But the ordinate
hecights contain twe important sources of veriability apart from availability:
crrors introduced vy weizhting fectors and those introduced by the random
departures of numb.rs in cach size class from the true number in the popu=-
lation from which drawa.. Therofor: the. maximum ordinate in many instances
would, by chance, bc 2bewe rathor thas at the maximue level of truc avail-
abilit:r. To awvnid this it has been decided tentatively to take the ordinate
class at the ninth decil: positicn., In other words, we would derive a
frequency curve which reoresonts the 90 perecnt level of apparent avail-
nbility of each size. For the reasons just stated, this level of apparent
availability may be very closce to the 10€ poreent level of real aveilability.

The first plan requires that availavility of cach size-—category havs
the same pottorn from year to yuar, the sceond requires nerely that at
one time or ancthér during the scasun the levels: of availauvility of the
several size classes approach their maxima. It appears that the latter
involves a morc conservative opproach. It is to b expected that knowledge
of zgercgation hobits, leading to the classification of school-groups,
will provide important mcedifications in, or appraisals of, the proposed
nethods.

Determine lengbh frequencies of year—-classcs. — Assuiiing that onc
plan or ancther has produced 2 proporly weightcd combination of samples -
to represent the stock in the sca, there remains the problem of converting
sach scason's length-freguency, inte on age-frequengy, distributdcon.

Its sclution, for the years prior to the beginning of routine scale sampl-
ing in 1941, involves the use of certain statisticel constants derived
from scale readings. '

3y this is neent determination of the parcneters of the length-fre-
quencies of single ege-groups or yeir classces that will define the shape
of the frequency curves in sufficiently general terms to be ¢pplicable
to years other than that in which the scnles are collected. So far the
only paremeter we hove worked witn is the stundard deviation, as a func—
ticn of age, assuning cach age group to hove a nermnl distribution of
lengths. While apoerently relizble results arc obtained, there i3 evidence
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that skcwness may be introduced by sclective availability of the fish
°r by fisherman selectinn in favor of lergest mombers of young yeare
classes, or, in certcin localitiecs, conversc sclectiosn of favored small
fish. It may bc necessary to include a skow foctor to some extent.
There also arc indications of multimodality in the length-frequencies
of individual year cluosses. Whether this is sufficiently proncunced

to require statistical reccgnition remains to be scen.

Determine growth ratc. A growth curve or curves, is necded to give
another parcmewer,; the maan cr modal size, of the fruquunc distributicns
of yuiur classes. Having age readings made in any one year it is simple
to ¢stablish a grovth curve, but such a curve would be a true one for
only that year. There is evidence that growvth differs from yeor to year,
from ycar-class to year-class, and, nmore disturbing still, it appears
to differ by fishing arcus. For instance, a given year-class has a lower
modal length in the San Pedro, than in the Hontercy arca. We are faced
by the dilerma of using cither 2 general growth curve fitting no specific
.situation,or a varicty of curves to fit situations that are largely un-
kncvm. It remainsg. to be seen vhethir there is sufficient regularity in
" geographical or amnual variations to permit age determinations of recent
years to be applied ‘to the length data of former years.,

Convert length-compesition to age=cormosition. - The translation
cf a lcngth-fréaucricy curve to an qg;-frequcncy curvi has proved unex-.
pectedly difficult. As uay have been anticipated from the previous dis-
cussion of paranet.rs, the only method so far found to be applicable is
that of discovering whot combination of year-class length-frequencics
will fit 2 scason's length—freguency. The fixing of two of thc parameters,
standard deviation and mean, leaves only the third paramecter, relative
1r:3, to bu varied in th: curve fitting. BEven so, it is a laborious pro-

gss by tho triel and crror method, but 2s yet e knoﬂ'no other. Further-
moru, crror in gither of the two f1XLd paramcters very scricusly affocts
the results. In sther words, the problem should be approached with extreme
caution.

An cxpedient that graatly farllitﬂtes the pracess nay be cmployed
in certain situsntions where ono is justificd in the assumptions: (1) That
the year-classes were of uniform initial numerical strength and (2) that
thay expericnced uniform anmnual mortality since becoming of commercial
size., Thesc asswyptions, are approximately justlflud in dealing with a
length-frequency dlsurloutlon of fish pooled from a considerable number
(cneugh to Yaverage out" inequelities din initial yuar—cl 155 strength)
of contipuous seasons during which the fishing intensity vias nearly enough
constant to have produced nearly uniform mortality. This severcly limits
the ccmbinations of frequency—-curve areas and 2 unique fit is socn dis-
covered. The goodness of fit serves as an indication-of how ncarly the
assunptions werc fulfilled, except that uniform trends through the series,
either upward or dowmward and in egither yeer-clags strength or intensity
of fishing, would not be revealed by poorness of fit.
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Abundance and age composition of stock. — When the weighted, combined,
length-frequency distribution has been converted to age-frequency we have
a series of season's curves repressnting the relative abundance of each
age of fish in the stock. These are useful in deducing the relations be-
tween abundance and spawning and between abundance and competition effects.
This is indicated by broken lines in the diagram and will be discussed
* later. At the moment we shall pass on to determination of mortalities
and racruitments.

Compute "Vital statistics." - 3y vital statistics we refer to re-
cruitment and mortaliby, the fisheries’ counterpart of the actuary's
births and deaths. One might also use the term "population dynamics.!
The computations involved are adaptated from methods previously developed
or employed by Baranov, 1918; Thompson and Bell, 193L; and Ricker, 1940.

Total mortality is readily computed in situations where recruitment
and mortality can be reasonably assumed to have been uniform during as
many years (prior wo the year in question) as there are ages present in
the stock. Then, it is necessary to have only one scason's age distribu-
tion, for euach age class will be a constant percentage less numerous than
the next younger. The constant percentage then is the annual mortality
rate.

Such simple situations are rare, but, fortunately, they are not the
only ones amenable to analysis for mortality. That statistic may be readily
deduced from the age frequencles of two successive seasons, providing
that they truly represent the stock in the sea. Here the decline would
be measurcd by the rclative numoers of a given year-class in the two
frequenciz:s and the percentape reduction of a year-class from the first
to the sccond scason would represent the annual mortality rate. If all
year classcs have been fished with equal intensity, hence have suffered
equal catch mortality, and also have experienced equal natural mortality,
the indicated total mortality will be sensibly equal for all but the
"entering" year classzs. Inequalities, therefore, may be ascribed to
age~sclective, natural mortality or age-selective ishing intensity.
Correlation of thc absolute quantities of each ycar-class in the catch
with thoir respective mortalitics should distinpguish between these two
age—selective processcs. :

Recruitment. - As used herein, recruitment means the number of sar-
dines reaching commcrcial age each year. Given age-distributions that
reliably represent the abundance and age composition of the stock, the
recruitment is directly proportional to the numbers of individuals in
the year-class that has, for thc first time, appeared in the commercial
catch. The only complicating fcature is that therc has been nothing in
the previous adjustments to insure that the cntering yecar-class will be
fully represcnted if, in its first season, it is only partially available
to the fishery. Henece, in this respect, we camnnot consider the weighted
curves as reliably represcnting thc stock. However, from a series of
age-distributions it should be possible, without great effort, to dis-
tinguish the age at which a year-class becomes fully available, deduce
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further its percontage availability in previous years, and so arrive

at a numerical cvaluation of its relative strength at commercial age.
Indeed, trial computations have practically proved the feasibility of
this calculation,

Natural portality. - In computations so far undertaken we have as-
suned the probubility that mortality from natural causczs is constant.
This greatly simplifics the calculation of catch mortality. However,
this assumption should be examined critically and perhaps revised if it
is discoverad that predators (other than man), and therefore predation,
has increased or dicrcased to an important extent in any two periods
under considcration.g

Also the prohability of death from natural causes may vary with
age, and the formulations may need appropriate revision. These eventu-
alitics cannot be aporaised until a series of cge-distributions, properly
representing the sardine stock, become nvailable.

Catch moriclity. - While remaining awarc of the possible necessity
for révising the ~eswption of constant natural mortality, it is con-
venient to employ this sssumption to simplify the computation of catch
mortality, Given two paricas, in one of which the intensity of fishing
was greater than in the other, there is a2 unique combination: of differ-
ing catch-mortalities in the first and second periocds and of constant
natural mortalitr for both periods that will account for the total mor-
talities and thc total catches in the two periods, respectively. The
mathematical formilotion must take into considerution that the natural
and catch causes fer decath are operating simultaneously and, therefore,
compete with each otnher for the lives of the fish. It also involves
consideration of vhether an increase in fishing intensity, i.e. the em—
ployment of more effort or gear, brings in competition between fishing
units. That is difficult of apprzisal for the sardine fishery because
addition of boazts may as easily produce an effoct the opposite of compe-
tition, i.e. cooncration, through extending the scouting area and com=-
municating information on thé location of schools. The effect of coop-
eration has been neglected in th: computations so far contemplatod.

It should be taken into account, and probably will be, as soon as a
mathod of measuring it .can be devised.

E/It may be pussible in swch a case to regard the sardine as having

a number of predatora, including man, and base the formulation on the
effects of the simultancous probabilities of death from the several
categories of predation. The mathematics would be complicated and prob-
ably require data on more than two seasons, especially if a multiple
correlation method were employed, but should be feasible, given an ade-
quate quantity of datz of redsconable reliability.
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On the other hand, it will probavly be safe to regard compztition
between gear as negligible, a point of view that is tenable if cooperation
is the effective rusult of increasing the mumber of boats and also if
the schools of sardines are so widely distributed that instances ‘are
relatively rarce wherein a boat is prevented from making a catch by the
pre-emption of space by another boat.3/ lie do not consider in thc cate=-
gory of competition the situation where the probability of catching
a school of sardines has been reduced by the number of schools taken
out of that locality proeviously. This is a phenomenon of reduction of
the stock by catch mortality. It is taken into account by appreciat—
ing the distinction between average abundance and initial abundance
in any particular peried of time. (Sce Ricker 1940 p. L5).

RELTASTLITY

Having computed one set of values on natural mortality, catch mor-
tality, and recruitment, one gains a general idea of the magnitude of
each, but the result camnnot by any means bc considered 2 determination.
The varims computations and adjustments have contributed crrors. Also
the original data had varinbility which pourhaps was increased rather
than diminished by the subsequent treatment. The mathematical result,
therefore, has a probability of differing from the truce value by an
amount which cannot be knovm from onc sct of valucs alonc.,

In a series of scts of values, however, from which one might com-
pute a regression, say, of catch mortality on fishing intensity, the
spread of values around thoe repgression line would give a measure of
variability and one could be said to have really made 2 determination
if that spread is small in relation to the magnitude of the obscrved -
change in catch mortality.

While this would appraise the random error, it might not detcet
even a large amount of crror consistcntly above or bclow the true value
for the entire scries. Such an crror might easily be introduced by
simplifying assumptions or by failurc to take into account certain sources
of consistent bias or sclection. It could be detected only by comput-=
ing the same statistics by an entircly different method and from a2 dis-
tinct source of data. The tagging technique afiords such a method and
utilizes a considerably different sct of original data, although, to
the extent that the same commercial catech is involved, crrors in fisher-
men's sampling may be in the same dircetion as in the other method.

J/Persons familiar with the fishcry might say that such instances arc
common rather than rare, It is true that thoere often scems to be a race
between two or more boats to set their seines around the same school.

This may uzctually take pluce at times, but more often a beoat, preparing

to make 2 set, batrays its intention by its actions, and so lcads other
boats to come to the same spot. They do so, not necessarily in the hope
of beating the original boat to the school it has sighted, but in the
hope, often roalized, that other schools are to be found in the same vicin-
ity. All such instances should be classificd as cooperational rather than
competitive, Under the latter category, thirc should be included only the
cases where two boats independently locate and try to set upon the same
school. Such cases of true comp:titidn probably arg not more numcrous
than would serve to offset the contrary element of cooperation.
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TAGGING RASEARCH

Tageging has bcen extensively practiced by the California State
Fisheries Leboratory, and th: Fisherios Reasearch doard of Canadaj also
to a lesser extent, by th: Or.gon Fish Comrmission and the Department
of Fishoriecs cf Washinston. Hawving been an interested spectator rather
than a dircct participant, my discussion may suffer from lack of famil-
iarity with this technique, which is simple and direct in principle
but difficult and complex in its application.

SOURCE DATA .

Top fish. - The tagging operation itself nceds little discussion
but various aspects of the process require attention in subscquent adjust-
ments. of the data. It may be remarked here, however, that the tags arc
of metal and insorted into the bodyr of the fish fdllowing in general
the method first developid by Rounsefcll and Dahlgren (1933). They are
recovered by clectro-magnets installed in the fish-mcal line of the reduc-
tion plants. Thc fish to be tagged are obtained, for the most part, from
commercial fishormen and are subject to the same sclections that influence
the raw materials used in thoe vital statistics method. Since the numbers
of M"samples! tagged are fewor, the danger of non-random selcctivity is
greater.,

Tag mortality. - It is known that tagged sardines suffor high mor-
tality from the operation itself or from the attendant handling. The
only sources of data on the mignitude and varinbility of toagging mortality
are: (1) A linitcd numbor of axperiments by the California State Fisheries
Laboratory in which tagged fish vwiere held in live cars for dircct obscr-
vation, and (2) a2 corrclation establishing the relaticn between length
of tino-of confinoment before tagging and the subscquent roturns.

The live-car cexporiments preoved that mortality is high and varizsble,
that small sardines suffer greater mortality than larg: ones, and thot
the size of the tag afficts the ratc of mortality. It is, of course,
difficult to perfornm a sufficient number of such cxperiments to esteblish
a reliablc mean mortality. Horeover, therc is uncertainty as to whether
the difference in treatrment received when the fish are released in. the
live=car rather than directly into the sca (as in the rogular tagging
operations) has caused the live-car mortality to differ from that in the
sea releases. This uncertainty is cspeeially zcute with respect to libora-
tions in the Pacific Northwest, where tagss have been applied with a dif-
ferent instrument (tagging-pun) from the scalpel and forceps used in
California and where the fish werc taggced diroctly from the fisherments
scine instead of being brailed into a holding ncet for togging: and, also,
where the roughness of the sca generally imposed nmore difficult condi-
tions for the handling than in California.

Recover tags. = Since sardines are hendled in bulk énd mostly by
machinc, Tew tags would come to light without a specific recovery systom.
That now in use consists of magnets installed in the meal-lin:s at can-
neries and reduction plants., Difficultics arise in achieving installation
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of magnets din all plants, and in cenncetion 1idth their effectivencass when
installed in difforent mechandisms and undur difforent operaticncl methods.

Test magnets. = This requires that cach installation be tested to
determine its recovery officicncy. Periodic tests of the same installations
are made to discover fiuvcwuations in purformonce and detecet ony changes
thet may occur &s plant operations are altercd. The test consists of
mixing & definite number of tegged dend fish with an ordinery lot destined
to go through the roduction system and recording the percentege of tags
recovered from the mognet. A possibility that the efficiency of rccovery
of test-tugs may differ from that of tags in sea-~rclensed fish arises
from the faet that the former lie within the body, unattoched to the
tissues, and not far from the open, insertion incision; whereas the lat-
ter are encysted by tissue and the incision healed shut. It is likely, -
therefore, that the efficiency may be somewhat over-rated by the tests.

On the other hand, a few recovery cxp-riments indicatc a lessened effi-
ciency of recovery {rom fish destined for canning than from those des=-
tined to go directly to the reduction mochinery. This is probably due

to the loss of tags from the body caviiy in the cutting and cviscerating
process. The performance of tusting cxperiments in connection with canning
operations has met with obstiacles preventing the accumulation of suffi-
cient sxpericnce to gauge the relicbility of efficiency ratings. Their
value for adjustments is also lesscened by the custom of mixing whole fish
with cutting offal in the ordinary opcrating procgdure. In all, the ef-
ficiency of recovery wvaries widely and whilc important for our calculations
is difficult to determine.

Analysis

Adjust for togging mortality. - Two basic adjustments are made te
deduce thé actunl number of viabic tagged fish released. The first ubil-
izes the live-car cxporience in adjusting releasce recerds dowmvard by
the indicated amount of mortzlity induced by the tagging process, with
duc rcgard to the size of the sardincs. The second tskes into account
the additional mortality brought about by the incrcased time of holding
to which the late-tagged mombers of a given batch of fish were subjeocted.
It involves astablishing a regression of rcturns on serial order of tagging
in blocks of 100 or other suitable number of individuals for cach batch
or group of batchus of fish tagged. These regression valucs adjust not
only for the time-connected differcential mortality within a batch but
also for the differences in mortality between small batches tagged in a
short time and largs batches requiring more time for tagging.

These adjustments have been employed in the analysis of returns from
California-tagged fish, but no comparablc methods are available for those
tagged in the Pacific Northwest, though it would appear that the seceond
adjustment at least would be feasible for rel:zases in that areco.
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Adjust for recovery cfficicncy. - This cdjustment applics the magnet
cfficiency records and also incorporates a calculation tcking into 2ccount
oy amounts of fish run through plants whoen or where nagnets were not in
operation. To some cxtent a differcntial adjustment for recoveries from
reduction of whole fish and rcduction of canning offal is feasible from
a comparison of rcturns from the two categories wherever plant records per-
nit segregation. Since canning is not practiced in ¥ushington and Oregon,
this feature is not a problem thers, but it exists in British Columbia as
7ell as in Caolifornia.

Adjust for intensity of fishing. - One esscntial statistic sought
through the tagging technique is the catch-nortality. If it were possible
to release all the tagged fish Irmediately prior to the fishing scason
and if they were immediately distributed 2t random through the cormercially-
fished population, this statistic would be the ratic of first-scason rc-
turns to the number tagged. Another csscntial statistic, total stock,
could then be computed siiply by the propertionality:

nusber of fish tagged = number of returns
total stock total citch

But tagging can be done only at interwvels during the fishing season and
the tagged fish probably diffuse only grdduclly through the general stock.
Hence, first scason's returns are almost uscless and it is necessory to
deduce from subsequent years! returns whot the first year's returns vould
have been undcr the simple conditions described above. That deduction

is made by extrapolating back to the first year a line represcenting the
annual rate of declinc of tag rotwrns. ‘Since the annual returns depend
in part on the amount of fishing done, some adjustment st be made when
the anount of fishing changes during the sories of ycars dincluded in the
tazging experiment.

The adjustiment used for the-California stotistics has becen to com-
putc for cach season the number: of returns per unit number cf fish czught.
An identical adjustment would be fcasible alsa for the Pacific Northwest
tagging returns. Fhilc this cdjustment mey sufficc for useful approxime-
tions, it obviously givies identical treatment to a fluctuation in catch
whether duc to 2 change in the amount of fishing or in abundance of the
sardines. Yet these two phenoucna have differcnt effects on the returns.
Furthurmore, the fishing in a current year, by reuoving a certain number
of tagged fish, influcnces thc roturns of subsequent years. Except,
therefore, in situztions where it may be safely assumed thet the fluctua-
tions in catch have 2riscn only from moderate and random changes cither
in intensity of fishing cr in abundance, this adjusticent mey requirc re-
vision. Where a trend exists in fishing intensity or in abundance there
would be particulor likelihood of errcneous raosults. Such cases would
require additional adjustments appropriate to the particular circumstances,
and possibly materials froa the vital statistics methods could be drawn
upon for such @nalyscs. This has not been indicated in the diagram.
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Statistical analysis. - As explained in the previous section, the
statistical analysis of tagging experiments depends mainly on a line
"or curve) representinz the trend in annual adjusted returns. The inter-
cept of the line at year one (an extrapolation) is used to compute catch
mortality. By another computation, it also results in estimate of total
commercial stock. The rate of decrease in annual returns is taken as
the total annual mortality. The remaining statistic, natural mortality,
is derived algebraicly from catch mortality and total mortality.

Sinoe the trend curve is based on returns during a series of years,
the statistics resulting therefrom, represent the conditions, not in any
one year, but are an average (not necessarily ah arithmetic mean) for
the series of years.

It has already been pointed out that the adjustments, particularly
that involving the size of the catch, may have affected the data in a way
that calls for modification of the above-described computations. Instead
of that, determination for a number of periods of owverlapping years might
point the way to an interpretation or correction of the statistics for
individual periods or even individual-years. Thus far, however, records
are available for only two periods and these possibilities cannot yet be
examined. :

& further aspect of the computations so far made is that when Pacific
Northwest catch and Pacific Northwest returns of fish released in California
are excluded different rates are indicated than when they are included.

This points either to the non-availability to the California fishery of
at least a portion of the stock that miprates scasonally to northern waters
or to some discrcpancy of experiment or analysis so far unrecognized.

Fortunately, therc.is reason to belicve that many of the difficulties
of interpreting tagging results may disappear or bc resolvablc as more .
data accumulate.

The value of the tagging method as a largzely independent method of
determining mortalities cannot be over-emphasized and it is particularly
gncouraging that the computations have led to determinations practically
identical with those resulting from 2 preliminary application of the
method of vital statistics.

At the same time it should be emphasizod that both the tagging,
and the vital statistics, methods depend, in the last analysis, on the
representative nature of the sample dealt with. at its present stags
of dewveclopment, the method of vital statistics includes a much larger
sample, better distributed in time and space and more thoroughly adjusted
to exclude the effects of extrinsic influences than does the tagging
method.

RECRUITIENT RTSEARCH

Determination of the amount of recruitment would be an outsianding
achicvement, but would be, of itself, of only limited uscfulness so long



as nothing is known as to which of two major infiuences determine its
valuc. These influences arc thoss: (1) Hot connected (lat us say, ex-
trinsic influences); and (2) connected (i.e., intrinsic influences)

with the sizc of the sardine population itself.” The first cotegory would
include hydrographic and oceanographic conditions that may influence

the amount of spawning and the survival of young. It would also em-
brace competition with, or predation by, other marine animals. The
second catcgory would include the direct influence of population numbers
on the amount of spawn produced and the competitive effects of popula-
tion numbers on the number surviving., The amount of spawn would be
directly, and the amount of survival inverscly, proportional -to popu-
lation numbers. The survival rates might be differcnt for the various
stages of young.

So far as intrinsic influences are concerned, one would expect re-
cruitment to be small even at low levels of fishing intensity where there
is a very large spawning population and also a very crowded condition
which could impose a high mortality. At intermediate levels of fishing
intensity there would be maximal recruitment resulting from a still large
spavning population and the low mortality assaciated with an uncrowded
condition. At extremely high lcvels of fishing intensity therc should
again be low recruitment due to a very small population producing insuf-
ficient spawvn for maximal recruitment even in a very much thinned-out
condition where competition within the population would result in neg-
ligible mortality.

If the intrinsic influences were operating alone, it would be a
simple matter to construct a curve of recruitment according to levels
of fishing intensity by mercly observing what happens to rccruitment
over a rangc of fishing intensities. But the extrinsic influences,
operating simultancously also affect the recruitment. For instance,
preliminary analysis of wvital statistics for two periods of the sardine
fishery showed that quadrupling of fishing intcnsity was accompanied
by doubling of recruitment. The carlier period with the low intcnsity
of fishing covored 8 seascns, and the later one of high intensity, L.
Both periods werc thus of sufficient duration to hzve had a variety of
extrinsic influences and their effects on mean recruitment should to some
extent "average out." Yet one would bc bold to conclude that they had
indsed avirdged out and that the increase in recruitment was in fact
QEE to the increazsed intensity of fishing. On the contrary, one could
almost as easily argue that through the later period, there had been
L years of favorcble extrinsic conditions that were responsible for
the increase. '

Yet a choice must be mide between the alternatives. If the increased
reccruitment vere in fact due to the thinning out of the population by
intensive fishing, then this high rate of utilization, with the attendsnt
large annual catches could go on with no ill consequences other than 2
not intolerable reduction in average size of fish. But if it were due
to a lucky run of good survival years, the present rate of fishing could
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not. zo on without sarious diminution of the population, resulting in both
m.rkedly lower annusl catches and @ nirked and perhaps intolerable de-
crease in avarage size of fish.

At the mom:ent there is no busis for making the choice, but the pro-
gran charted in the rizht-hand portion of the diagram, faocing page 1
which is now fo be discussed, is dusigned fo distinguish betiecen the
effects of tht esxtrinsic and intrinsic influences,

Source Data

Bgg and larvie samples. - By 2 plunkton-collacting program designed
to simple the egp ond larval pilchard population in waters of the spavming
region, it is plinn.d to obtain material for two sets of data on each seo-
soni: 1) The mumbers of epps spmmed and 2) the survival of the larvae to
the post-blanktonic strge.

To serve tacs @ vurposces, quantitutive collections of epgs and larvae
mist be made. Foofures of quantitative technique so far employed in this
branch of the propr.m are use ofs The oblique method of towing to sample
all egg—-and=-larva-budring strati; current meters in the nets to measure
the quantity of webir stroined in each haul; regular pattern of stations;
and regular periodicitr in moking collections. Additionally, there have
been specicl collictions eor special methods cmployed in the regular collec-—
tions to tust the -clirbility of the tow-net method for sampling eggs and
larvae. Thesce speeisl inquiries huve convinced us that quantitative work
is feasible, if also difficult. Some of the tochniquws still have to be
improved..

Hydrogravhic and mctooroleosical dita. - Observations on hydrographic
conditions taken simultancously with the collection of cegs and larwvac,
are intended to provide o record of conditions to by corrclated with the
tine, place, cnd volume oi soamming and with the survivel of larvoe. It
is already known that the dominont featurcs of oceandc circulation along
the west coust, and particularly the miinteuncnce of fertility of the wa-
ters through the upi:clling process, are connccted i-ith the winds. With
the establishmunt of the reluaticonships of the oceanograpnic features to
the meteorological influcneces, on the oneg hand, and to the amount of spavm-
ing or to the survival of larvae, on the othur, it may bc possible to es=
tablish dircetly the relationship of amount of spawning or survival of
larvae, or both, to the meteorolozical conditions. Hence simultaneous
observations on hydrography, metcorology, and.the young stages of sardines
promisc to elucidate the influcnces on roucruitment: -

The particular oceanographic chscrvations so far prograumned, include:
Those on tempsrature and salinity dowan to 500 meters riopudarly, and pilot
ohservatiens to, groater depths; dotermination of oxygen cnd phosphate
content for ths same strata; and counts of the diotom population for ¢ach
ten-meter level to 60 meters in depth. all of these observations and
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their subsequent anclysis are being undertokon b7 the Seripps Occano-
graphic Institution in coopcration with the Fish and /ildlifc Secrvice.
Accessary cxperimental iiork on rates of biolosical processes in the
survey arca is also under way at thot Institution.

Analysis

Compute totel numburs of each stage. = 1ith reldnble quantitative
collcetions of Gags ond larvae at odeh station, it is furthor nccessary
to intcgrate the totcl numbers over both time and space. The time cle-
ment invelves propor 701ﬂhtin= to account for the time: interval between
successive observations owver the station pattern. This in twrn involves
certoin assumptions, or preferably a determinasion of a curve of the
volume of spwiming 25 a time function. The integration over space de-
pends upon a curve of distribution of the organisms in the sea arca
sampled. 3Joth phascs of integration are still in the developmental
stagos, An additioncl clement in the computaticon is an adjustment
necessitated by the smnller catches of larvae by day than by night.

For the timc being, work will be dlrvct ed touward detormining total
numbers of each stage in the particular area included within the egg
and larval survey. This coyors cniy o p‘rt of the spavning rogion.
Extonsion to othor arcos must await either bettor boat faecilities or
a2 fortunato disecvery of relationships with metcorological conditions
vhich may prowvide o ccritzin reliability in oxtrapolation.

In any cvent, the integrotion must be proceeded or followed by
ccrtoin adjustmonts. :

Adjust for drift. - Since th: survey arsa is of limited uxtent and
contigucus to other possible arcas of spawning, somec alloviance must be
made for gains in numbers by organisms drifting into the arca and losses
from their drifting out., This aspcet is not scrious writh respect to eggs,
which hatch in three doys and, thercforc, cannot drift far; but it is
important in the casc of larvaec which may spend vrecks or even months in
the drifting phasc. With the pattern of circulation dctermined from
hydrogra phlc obscrvations, an allowance should be feasible. The prin-
cipzl difficulty nov foruseen is the amount or rat: of latcrail diffusion,
which would nct be apporent from the circulation pattern alone. This
adjustment is theroforce still in the problem stoge.

adjust fcr rate of development - The numbors of eggs or lirvac found
in coch stege will vary inversely iith the timc occupicd in pa551np through
the stage. Onc occupying a short interval of time will afford £ smaller
accurntlation of individuals than one occupying ¢ longer period. Adjusting
numocrs te allow for the Yacecumulation effect" involves knovilliodge of the
rate of development or of growth. This has alrcady been worked out for
the c¢ggs, but the rate of growth of larvac has wet to be determined.
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Infant survivil, = Haiving fully adjust.d the dnte on numbers at each
stageTof Infant survivel, 1ts rate should be quite simply described by
1 frequency distribution of.the successive stages. The simplest result
to bec cxpected would be a J-shaped curve transformable into a straight
line by suitable mathematical procedure. Differences from one season
to another in the slope of this linc should register the chenges in survival
rate. If, however, there are variations in that rate during the larval
existance, & more complex curve would result and its interpretation would
be morg difficult.

Amount of spaming. - There are two approaches to the muasurement
of cmount of spwming through 1) Computations from data produced by the
vital-statistics method that would effictively enumerate the spawning
stock; and 2) sampling the sca water for eggs. Both have serious obstacles.
The approach through spawning stock involves the appraisal of fecundity
of females by sizes or zges, an appraisal rendered difficult for lack
of samplecs of spavmers which resort lorgely to grounds farther offshore
than the area in vhich commcrcial fishing takes placc._ Therefore,
this approach has bcen indicated by a broken line in the diagram facing
page 1. The approzch through sampling for eggs is far simpler in principle,
and in terms of the diagram would be dircetly from the provious computa-
tion of total numbers. Howevef, it involves surveying larger arsas than
has so far been foasible with the single vesscl available for this research.
Satisfactory cnumeration by cither method depends on substantial augmenta-
tion of the sca work.

Correlations 1iith hydrographic and meteorclogical conditions. - So
far as recruitment is dotormined by the amount of spatming and medified
only by the ratc of larval survival, determination of the former and cor-
rclation of the latter with hydrographic and metcorological conditions
would givec the rclationships necessary to the interpretation and predic-
tion of changes in recruitment rate. " This correlation must relate to
the conditions in the onc area of survey, but if it were found very exact
and involved hydrosraphic or metuorological features of wide-spread na-
ture, the rosults would possibly apply to the entire range of the species.
It is more likely, howvever, that the more complex and extended procedure
discussed in the follewing paragraphs will be nccessary.

Multiple corrclation to distinguish effects of population density
from occanographic influences. - Thus lar a rather simplified ViGW has
been takeén - one that stresses the larval stages as the only factor crit-
ically jodifying the relationship between amount of spawming and recruit-
ment. A morc comprehensive vicwpoint would recognize that there are other
influences and thuat they may be exerted at any stage »f lifc. To illustrate
this, the recruitment dingram facing page 25 is given. Instead of a pro-
cedural diagram os in the one facing page 1, this is one of mathematical
equivalents and corrclations.

O/Fronces N. Clark, 193L, has studicd fecundity in material taken frem
the commercial cateh. Her work proved the paucity of spawning-ripe
individuals in the catch and 2lso the difficulties in determining the
numbers of cges spavmned per female per season.
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Structurc cf the recruitment diagram. - The diagram reads from bottom
to top, boginning Wwith the production of eggs within the femalc and lcad-
ing throuch successive stagss to nct recruitment at the tops at the left
arc varicbles perteining to population densitics (intrinsic influences),
at the right arc those pertaining to ocoancgraphy (extrinsic influcnces),
and in the niddle are the survival rates (dependent wariables) upon vhich
the two categories of influences (independent viriables) operate to affect
the recruitnent. Algebraie nctotions relate equivalents. Thus the frac-
ticn Ynumber of eggs hatched" over "number of cggs spavmed" cquals the
legg survival rate!, and the "number of cggs hatched" also cquals the "den-
sity <f larvae", at least initially. Correlation notations arc given as.
arrows pointing from the indcpendent tco the depcndent variabls with a sign
to indicate vhether the corrclaotion should be negative or positive; and
vhere indeterminate, i.c., depending on the way the independent variable
is expresscd, the plus-minus sign (%) is uscd.

Discussion ¢f the recruitment dingram. - It is not intended that the
re¢ruitment diagram should be an outline of procedure. Rather it indicates
2 complex of relaticnships too extensive and inclusive »f too many subjects
upon which data are, for the most part, non-existent at present and diffi-
cult to obtein in the future. It illustratces the manifold phases of the
recruitment problen and should serve as 2 reminder of the fragmentary nature

' of less comprehensive treatments.

This comnment, however, should not discourage effort to soslwve the prob-
lem of reeruitment by some less comprehensive or abbrueviated process. If
the survival- rate in certain stages of life is relatively constant from
yezr tec ycar these stages can, without risk, be ignored. If this be done
- and hiph correlation is found, much time will have been saved. If, =n the
other hand, the results turn cut tc be indeterminate, it would merely mean
that the stages that werc dignored did, in fact, have varinbility and should
have been considered. Since that requires data for vthich there are now no
ccllection facilities, we will mercly have to decide between surveying
the significance of cvailable data or neglecting them. It is clear, hov-
gver, that a program for deternmining additinal aspects of certain reproduc-
tive attributes of the pilchard population and also of oceanographic con-
ditions, including study of that portizn of the marine fauna which may
exert predation on any stage of the pilchard, should be started at the
carlicst opportunity.

Discussion of an abbreviated recruitment analysis. - It is interest-
inz to speculate on how limited & vicw would have to be taken if -ne were
confined to data already available or in process ~f becoming available.

- The diagram opposite gives a schemc ¢f correlation analysis on what
appears to be fairly reasonable grounds.. It ignores intra-overian, and
2gg, mortality. OSuch sampling of cggs on the spavming grounds as has been
made is impressive in the relative constancy o5f the numbers found and fails
to suggest important variability in survival,

The scheme includes only the aceanographic extrinsic variible affect-
ing larval survival bocause it hardly seems that competition between
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larvas can be important as they form sush a very smell fraction of the
plankton sommunity. Owing to the lack of data, 1t dpncres competition
from other forms, This is perhaps the greatest swtcakness,

It includes only the intrinsic influwnce on juvenile survival and
considers that the competition takes place botween juveniles and post-
juveniles rather than within the juvenile category itself. (This particu-
lar selection has 2 back-ground of observation too extensive to describe
here. It was suggestod by the virtual disappearance of dominance cf year
classes since intensification of sardine fishing took place.). With ju-
veniles, also, the competition from other forms is ignored for the same
reason that it was among larvae. However, utilization of data on predator
specics of commercial fishes invites attention.

The diagran  opposite places the elemcnts on a time-scalc hori-
zontally, showding the approximate season and year from which the source
data ore drawn and the cpproximate scason and yoiar in which the independent
would be expected to influcnce the dependent, variable, recruitment.,
Thus receruitment of the current seazson (n) would be estimatced from the
(fully =zdjusted) sample of the current comaercial fishing scascn. The
numerical value of this recruitment would be correlated with: (1) The
density of the post-juvenile population during the previous scason (n-l)
as estimatcd from the (fully adjusted) sample of the previous commercial
fishing secason; (2) the strength (or persistence) of nerthwesterly winds
during the spawning and developmental portion of the second previcus sea-
son (n-2) as estimatad from weather records of that portion of the second
previcus season; and (3) the amount of spawning during the sccond previous
ssason (n-2) as ustinated from the (fully adjusted) sample of the commer-
cizl fishing seuason with, of course, duc allowance for the percentage of
fish that arc mature and the properticnality between size of spavner and
nuiber of cggs spawncd.g/ The curved arrcows connect source data with
the equivalent derived from it. The straipght arrows with plus and minus
signs point from dependent variables to the independent onc. It is as-
sunecd that corrclation between northwest winds and recruitment is poesitive
through its influencc cn upwelling and the attendant "fertilizing!" of the
sea water. It could be negative (or curvilinear, i.c. positive in some

arts of its strength or persistence range and ncgative in others) through
its effect on drifting lorvae: auway from the more favorable nursery grounds.
Which of these cctually cceurs would be revealed by the corrclation analysis.,

The multiple corrclation process indicates in the diagram oopo-

site, three independent variebles. If the correlations or regressions

arc rectilinear, 6 degrees of freedom would be absorbed by the multiple
corrzlation process. It appears that data on the twe intrinsic independent
variables will ' be derivable for cight scascns when the porticn of the
program noW in progress is coapleted. By that time, however, two mors
scasons will have c¢lapsed and if they cin be added, a series of ten seasons
will be availzble. The meteorclogical data, if regular Weather Bureau

2/ Using approximote determinations published by Frances N. Clark, 193L.
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observation will suffice, would, cf course, be available fer the same
years. With ten seasons and the loss of six degrees of freedom there
would be left four degrees of freedom on which tc base judgment as to
significance of results. This number is perhaps toc low to do more than
indicate whether the gensral hypothesis is on the right track. Certainly
it will not be ecnuugh te conclude that the hypothesis is disproved.

(Of course, correluoticn analysis can only dlaprnvc, it can never prove

@ hypothesis,)

SUILARY

As the pilchard program now stends, two lines of cvidence when the
viork cn them is compl :ted, will give the ratus of catch and natural mor-
tality, and the rates of recruitment over an d-season period, 1932-3
to 1939-40, with the prospect of adding twe subsequent scasons. By ap-
pronriate computiticn, estimates of the total size of the populatien
and its size-composition will be available on an annual basis from the
"vital statisticsM apprcoach, and alse available as a nean for a greup
of seasons througch tageing studies. This will afford estimatus of the
¢ffects of fishing =t different levels of intensibty on the quantity and
quality of the ecatch., The estimates will bz true snly for the scusons
covered by the annlysis. To extrapolate them sc a5 to predict what con=
sequences will fcllow any particular level of fishing intensity, 2 third
linc of evidence iz necded for determining whether the recruitment has
been conditicned by the size of the stock itseli (and hence predictable
from the Bvital statisticsh cvidence) er whether it wos affected tc an
important degrec by ~ceancvgraphic conditions (and therefore unpredictable
except in terms of range of vardiations abcut & certain mean condition).
This mottur is being investigaicd. Great difficultics hive been met
and still cthers moy be anticipated, but in spl‘he of these possibilities
uf solution exist,

An important phasc of the QntlI‘L. problen is whether the range of
intensitics of fishing, which happened to have been included in the 8
or 10 scasons under study, is sufficicnt to covir reascnably well the
range to be anticipated in the future. The range could be extended to
lower intensities by poing back to the records of still earlier pericds
of fishing. To cxtend it to higher ranges would depuond on devel pments
in the fishery. To permit develeopment to hirher ranges of intensity
could invelve the risk of rcdurlng the stock so far below o desirable
‘ level that recovery might be slov Appraisal .of the derrce cof risk in-
velved and of the desirability of under501ng thut risk will depend on
the nature of the results theot flow from the currcent progran, and may
well be deforred until they become known,
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