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The Pacific sardine fishery has produced catches 
ranging from 789 thousand toils in  the 1936-37 sea- 
son (Schaefer et al, 1951) to 10 thousand tons in  the 
1953-54 season (Felin et al, 1954). Fishing pressure 
has remained sufficiently constant so that most of 
this fluctuation can be safely interpreted as the result 
of variations in  abundance and availability of the 
sardines themselves. 

With respect to abundance the basic variable is 
year class size, and the most readily available esti- 
mates of year class size are the virtual populations, 
that  is the summation of those individuals actually 
taken by the fishery. These have ranged from over 
seven billion fish for the 1939 year class (Clark and 
Marr, 1955) to a low of .1 billion fish for the 1949 
year class (estimated from published aiid uiipub- 
lished catch statistics). This is a range of 70 times 
but the virtual population can be severely distorted 
by variations in availability, particularly during the 
second, third arid fourth years of life. Variations in 
availability ( in  the sense of Marr, 1951) are difficult 
to document precisely. The results of oiie study 
(Widrig, 1954) suggest that  availability might have 
had a range of five times during the period 1941-.X, 
and the inclusion of mow recriit years would iindoubt- 
edlp increase this range. 

I n  terms of the fishery the, obrioiis i i w d ,  is to unrl(~r- 
stand and predict thew flii(*tiiatioiis i i i  abiiiitlance atid 
availability. This may also b(> v i m  c t l  as a problcin iii 

ecology; that is, the  r(+poiise of a popiilatioii to its 
changing environment. The C‘aliforiiia C’ooperativr 
Oceanic Fishery Investigations is inquiritig into tliescb 
fluctuations, and attempting to tlditic1 the rclative 
role of nature aiid mail i a  iiifluencitlg the. size of the 
population. 

The objectives and general re\iilts of the prograuls 
have been documented in a series of six pro; nress re- 
ports (Marine Research Committee ; 1950, 1952, 1933, 
1955, 1956, 195S), which include bibliographies of 
completed scientific papers so there is no iieed to re- 
port general results here. Rather, I wish to discuss 
certain aspects of the oceanographic material that  
seem to bear most directly 011 the problem of abun- 
dance. 

AVAl LA BI Ll TY AN D ABU N DANCE 
Before examining some of the facts it is well t o  

consider the theoretical basis underlyi1ig the applica- 
tion of oceanography to fisheries problems. The fish- 
ery problem may be coiivc~iiieiitly separated into avail- 
ability, defined as the acwssability of such sardines 
as exist to the cornmc.rc.ia1 fishery, a i d  abundance, 

defined as the absolute magnitude of the sardine popu- 
lation or some segment of the population such as a 
year-class. 

By aiid large, availability is a reflection of the 
momentary response of the population to thc eiiviroir- 
mmt .  This response takes the form of variatioiis in 
distribution and behavior. Oceanographic studies rv- 
lated to availability generally include estiiiiatiiig the 
appropriate parameters of the cnviroiiinriit of thtr 
fish population in question. As the stiiditls progress, 
attempts are made to predict whtAre and whcii ( ~ i i v i t ~ ) i i -  
mental patterns associated with high avaihibility will 
occur. Examples of this t y p  of study are dtwribcd 
by Sette (19.55) who disrnsscld several t~iivirotiiiic~iital 
nievhaiiisnis oc~iirri i ig i l i  ini(l-l’a(~ifi(~ Owan that arc 
associated with high c.oi~c~~titrittiotis of tiiiia, and Ciish- 
iiig (1!)55), who was able to rrlatcx thv tlistribiitioii 
of lirrriiip to vhangw i n  the food slipply. A11 siwh 
studies siiggest a niore or lrss iiistaiitau(wiis respotis(& 
of the fish populatioii to a paranic~trr i t i  the ocean. 

In contrast to  availability studics, iiivt~stigations 
of abiindai~cc~ Inlist cwiisidrr the integratctl rtqoiisc? 
of tlir. popiilatiott to thv ( ~ t i ~ i r o i i n i ~ ~ t i t ~ i l  patterii owr 
N period of t i i n ~ .  T l i c x  i~ilrercwt difficw1tic.s of this ap- 
p i w w l i  arc’ siigpc.stcd i l l  figure 1. Four curves are 
sliowii, w v h  rep~.rsc~iitiiig the rrlativr change in iiistaii- 
taliroiis survival rate (Z) iiwdrd to rc4iic.c a parti(+ii- 
l a r  initial survival rat(. (8) over a fixed period of 
tinic.. Thr ahrissa is the ratio of thct initial siirvival 
rate (iiitlic-atcd o i i  the ( ~ i r v ~ )  to any give11 1owc.r sur- 
vival rat(.. 0 1 1  thri ordiiiatr is a scale of the t*atio of 

FIGURE 1. Diagramatic representation of the relation of changes in 
survivol rate (S) to changes in the instantaneous mortality rate (Z), 
that i s  S./SI e -  (’2 - ‘ I ) ,  



the instaiitaneoiis mortality rate associated with the 
initial survival rate to the instantaneous rate associ- 
ated with the lower survival rate. For  example, taking 
the curve repr(2wiitiiig S = 0.8 at  initial survival, a 
change to AS’ = 0.08, a reduction to g,,, would be associ- 
ated with an 11.5 times increase iii the instantaneons 
mortality rate. 

1;nfortunately when \ t idying the California bar- 
dine we must deal with survival rates in the order of 
,001 during the first 45 days of life and of vourse 
much lower if a longer tinie-span is considered. A t  
this initial level of survival (.001) an  increase in the 
instantaneous rate of 1.6 times results in a hundred- 
fold decrease in the number of survivors. 

I n  ternis of an  investigation we can hope to nieas- 
ure survival at  some point (s) in the life of the sar- 
dine (the result of integration) but we cannot 
measure an integrated eiivironmeiital effect ; all that  
it  is possible to measlire is an  instantaneous value of 
the factor (s)  contributing to the mortality rate. I n  
prartical terms a large change in the integrated re- 
sults, i.e., a spectacular change in  survival, may be 
associated with very small changes in the instantane- 
ous measure of the environment as suggested above. 
Thus the problem of understanding the relation be- 
tween changes in the enviroiimeiit and changes in 
survival of the California sardine niay be much more 
difficult than an investigation of availability. 

I t  would appear that  it is iiecessary to identify pre- 
cisely the operating factors because if small changes 
in the operator(s) result in large changes in survival, 
it  will be nearly impossible to achieve success by meas- 
uring factors merely associated with the true opera- 
tors ; we must know the precise maimer iii which the 
operators affect the population in order to permit 
some form of integration either formal or conceptual, 
a i d  there must be precise inventories of the fish popu- 
lations a t  critical stages. The alternative is to content 
ourselves with a rather general approach to changes 
iii the ocean and changes in the populations without 
serious consideration of cause-effect relations. This is 
an  analogue of the water mass approach of explaining 
the geographical distribntion of aiiimals with time 
substituted fo r  space. For  certain purposes this is not 
without profit but it falls short of being fully satis- 
fying. 

IIistorically, many attempts to relate the environ- 
ment to survival have centered around the larval 
period because the major reduction in the numbers of 
a given year class occurs then. Moreover, it is a t  this 
stage of the life of the sardine, prior to its acquiring 
the ability and motivation to aggregate, that  the fac- 
tors responsible for  mortality are most likely to op- 
erate in a density-independent manner ; this should 
simplify the analysis. 

The fundamental support for the assuniption of 
density independeiice is that  sardine eggs and/or 
larvae are a very small fraction of the biomass. For  
instance, sardine larvae comprind only four percent 
of the total fish larvae during 1935 and 1956 (Ahl- 
strom and Bramer, 1957, Ahlstrom, 1958) and, of 
course, a much smaller portion of the plankton in 
general. This statement seems to hold true even in 

areas where spawning has been heavy. For instance a t  
a moderately high density station (117.50, Cr. 5602, 
Ahlstrorn, 1958) there were about 800 eggs, with a 
volume of about 2.5 nil. per 1000 1n3 of water. At  this 
station the total catch of small plaiilrton in the tow 
net was about 100ml. and total plankton was 425 ml. 
(Thrailkill, 1957) .  Eggs were therefore about 1/40 of 
the biomass of small plankton. If the water added to 
the perivitelline space after spawning is deducted 
from the egg mass the fraction is reduced to about 
l / l20 ,  and, of course, if all the plankton were caught 
and considered, the fraction would be much smaller. 
Finally, random dispersal of the suspended eggs 
slioulcl serve to rapidly reduce such high concen- 
trations. 

Food is frequently considered the key to larval 
survival but in the instance of the California sardine 
this does not seem likely. Arthur (1956) showed that 

ABUNDANCE OF NAUPLII IN  THE CALIFORNIA REGION 
WATER AND THEIR AVERAGE DISTANCE APART i o o r o - o ~ ~  90 

20 

10 

I NT 

01 I I I I I I I 

1 3 10 32 100 316 1000 3162 10,000 
C 0 N CEN TR AT IO N S 

( N O . / M ~  

FIGURE 2. Cumulative summary of the density of the nauplii of micro- 
copepods in the California Current, and the computed mean distance 
between nauplii associated with each density assuming they are ran- 
domly distributed in the water column, (after Arthur, 1956). 

the standing crop of potential food organisms was 
1,000 n r 3  or greater in  7070 of his stations and 3000 
m-3  or greater in 50% of his stations in the general 
area of sardine spawning (figure 2) .  Referring to the 
high density station discussed above, the ratio of 
larvae (if all eggs survive to hatching and there is no 
dispersal, arid if all eggs were assumed to be in the top 
50 meters) to food organisms ~ ~ ~ o u l c l  have been 1 to 500 
or 1 to 1,500 or greater in 70 percent or 50 percent of 
the station respectively. 
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Arthur also shows that the mean distance between 
food organisms was 10 ceiitinieters or smaller at  70% 
of his stations and 7 centimeters or smaller at  50% of 
his stations. The ineaii distaiwe between a larva and a 
food organism would be one half this. Because of mo- 
tion of food and larvae, oiily a very short time need 
pass before a larva has a food orgaiiisni within easy 
reach. This informatioil si iggests tlliit there is little or 
no competition among sardine larvatc for food, aiicl 
that there is always or nearly always sufficient food 
within easy reach of the larvae. The qualifications iii 
this statement stein f rom the fact that  occasional tows 
reveal concentrations of eggs about 10 times as great 
as the high density station under consideratioil. Maxi- 
niiim observcd concentrations of larvae in a given 
year, however, are about the same as the above de- 
scribed concentration of eg Variations in food sup- 
ply may not then be a sign aiit factor in larval sur- 
vival, except in rare instances. 

Tlie arguinents above are based 011 what amounts to 
an instantaneous view of the numerical and spatial 
relations of the larvae and their food. Their validity 
turns on whether or not  it is possible to regard this 
iiistaiitancous picture as a sample from a system in a 
rc.asoiiably stcady state. That is, the iiilplicit assuinp- 
tioii is i i i a d ~  that thc obsc.rved food supply at  a given 
illstillit is thr  iiitegrated stead)- statc result of its 
r(~iiewa1 rate, its “ dmth ” rate from predation, and its 
growth to a size too large to wrve as food for the 
I a i ~ a v .  Though it is difficult to prove the assimption 
for~liall ,~-,  the fact that ai1 appawiitly favorable supply 
of footl  S(YWS geii(~a11y to  prevail I~ i i t l s  strong intni- 
tiye support. 

l’re(latioii rrinaiiis for c.oiisitlr~ratioii. I t  swiiis rea- 
soliabl(~ tliat fish larvae will b(, siibjwtcd to roiiglil?, 
tlic sanit’ rcitrs of ~ > ~ ~ ~ l i ~ t i ~ i i  i is  art’ otllclr O ~ ~ ~ L I I ~ S I I ~ S  in 
tlic. 1)laiiktoli possc~s~irig tlic.ir ~ i l l l ~ ( ’  g(~l i (~r i i l  (liiii(An- 
sioiis a i i d  hrliaviorwl c~liiii.actc~ristic.s. I a111 I I I I ~ I V ~ I Y  of 
prvcise (lata on this 1)oiiit but tlrc. ra tw al)p+ir to l)(> 
(~strc~iii(~ly high. For iiistaiiw. (‘ushiiig (l!l.X) (‘on- 
~111tlrtl that ov(’r 90 p ( ~ r w i i t  of t l i v  tliatoiiis prodiiwtl 
tliIl.ing tlir periott ,\pril 10 to lliiy 16 i i i  his stutl?7 
a r p i ~  jvere coiisuiiit~d. I ~ ( ~ i i i i ~ ( ~  thr larvar are t>.p- 
ic.;i11y a sinal1 f ractioii of’ tlicl biomass it sw1ns unlikely 
tll;it v;iriation i l l  thcir iiiiirrhcrs rcsirlts i n  variations in 
tli(2 popiihitioii of predators. I ’ i~~sninahl~-  the arrival 

it rpliItiv(~l~- f(>n. sartliiica Iiii~vw(. cllivits littl(1 or  110 spc- 
cia1 iy’slmi~se fronr tli t .  p o l , ~ ~ l i i t i o ~ ~  of I ) rdators ,  ~11g- 
grstillg tlliit I,rctIatioii is tlmisity iiidclwndeilt. 

rrile arpnnlrilts i~l)ovc, iiiclicsatr that e i iviro~ni i r~~tal  
(lata s11ol1lcl br esainiil(vl iii tlic light of thrrr  work- 
iilg :lssillllptions. (1) The sardilic rgg-larva is a ininor 
(~IpIiIpi i t  i i i  tlw pvlagic faiuia a i ~ d  thereforr thr  factors 
aff(>Vtiiig the. slirvival ra t r  operate in an esseiitially 
tIc~isit~.-iiidcpc.lldrllt maliner. ( 2 )  Vood supply is not 
a11 iiiiportaiit survival factor, btit ixther ( 3 )  the in- 
tellse piyylatioii typical of the 1,laiikton conin~uiiity 
is r(,spo1isible for the rapid tlccliiie iii iiiimbers of 
the. siirtlinc. laryae, aiitl variations in this rate of pre- 
(latioil arc1 primarily rcspoiisiblr for variatioiis iii the 
rat(> of liii.\-al siirvival. 1 1 0 ~  obsc,rvetl vhaliges in the 
(‘iilifortiia Currc.lit System can operate to Yary the 

tlll.o\lgll Ilat(*hi1ig a~ i t l  (l(~l>iil~il11.(~ (tlirollgli g1.o\\.tll) of 

rate of predation will be considered in the next sec- 
tion. 

OCEANOGRAPHY AND LARVAL SURVIVAL 
The most conspicuous variable likely to affect ani- 

mals directly or indirectly in the California Current 
Systeni has been temperature. Reid, Roden, and 
\T‘>-llie (1958) h a w  sunirnarized certain aspects of 
these vhangrs. The years prior to 1944 were charac- 
trrized by more or less alteriiatiiig positive and nega- 
tive aiionialirs froin the mean. From 1944-1956 the 
aiionialies were predominantly negative, and from 
1 9 5 i  to the present (1960), they were mainly positive. 
The variations in teiiiperaturc a r ~  essentially the re- 
sult of the iiiteractioii of the ytrei igth of tlip California 
Current,  upwelling along the roast, and thc strength 
and character of the countercurrent. 13ec~a i iw  the his- 
torical record suggests that \varni years tend to  be 
a5sociated v i t h  good year-classes, and cold years n ith 
poor oiies (see Clark and Maw, 1933, K(.icl et al. 1958, 
and Marr, in press), I wish to  exaniiiie the possibility 
tliat cold temperatures caii act to increase larval mor- 
tality through predation and/or that  cold tempera- 
tures are associated with other phenomena that ad- 
versely affect the sardine population. 

Ahlstroiii (1954) has presented evidence indicating 
that survival during the first 45 days of life is ap- 
proximately .OO1 (figure 3 ) .  The mean instantaneous 
niortality rate associated with this is 6.9. Graham 
(1936, p. 244) suggrstcd, but did not  elaborate, that  
colder teniperatures might prolong the larval phase, 
leiig theniiig this period of high mortality, and there- 
fore decrease survival. Ricker and Foerster ( 1948) 
eo11clnde that mortality of soclreye f r y  is a function 
of growth rate. In their data, growth is accelerated 
or rctarcled as a function of population density, but 
the operator is predatioii, mortality being greater as 
thr  length of time spent at small, w r y  vulnerablr 
size5 is prolonged. Certain aspects of this problem are 
alw treated in Reverton and Holt (1957, p. 53) ,  arid 
liickcr (1938, p. 263). Ahlstroni (1954) finds little 
evidence of srrious mortality in the egg stage, which 
might well be associated with the extreme transpar- 
ency of the eggs, and I hare already noted that eggs 
are not aggrc.gatecl densely enough to attract filter 
feeders. Thus the mortality (99.9% ) under considera- 
tion occurs after hatching and before the stages at  
which the larvae are no longer sampled iii the routine 
planktoii hauls (a  period of about 45 days).  

If these high mortalities after hatching are simply 
a reflection of the larva’s belonging temporarily to 
the relatirely helpless plankton community, mortality 
will be sharply reduced or enhanced if the period of 
this association is altered. Tlie only way a sardine 
can escape this community is by growth and this is a 
fuiiction of food and temperature, and larval food 
seeiiis to be adequate for survival though the supply 
may not always be adequate for maximum yro~vtli .  
Thus, if predation is held to be the maiii source of 
larval mortality its effect can vary with the density 
of predators, and the duration of the vulnerable 
stages. The latter can be a function of food, tempera- 
ture, or both. There is some indication (Keid et  al. 
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FIGURE 3. Apparent mortality curve of sardine larvae, (after Ahl- 
strom, 1954). 

1958) that food was more abundant during the cold 
years associated with poor year classes so it seems 
logical (though not necessarily correct) to discount 
food, and examine the associations among tempera- 
ture, larval growth, and the density of predators. 

Temperature, through its control of the metabolic 
processes, can alter the growth and development rate. 
Data from Rhlstrom (1954) show that eggs hatch in 
54 hours at l ' i"C, 60 hours a t  16"C, 68 hours at  
15°C and 77 hours a t  14" C (figure 4 ) .  If these rates 
are projected into larval developmeiit which, a t  least 
in part ,  is an extension of embryonic development, 

FIGURE 4. Hatching time of sardine eggs as a function of temper- 
ature. The numbers along the curve represent the relative hatching 
time taking 15OC. as a base, (adapted from Ahlstrom, 1954). 

we can estimate the relative larval survival from the 
equation : 

where S denotes survival, 2 is the mortality rate and 
t denotes time. Because the survival to 42 days or 24 
mm (Ahlstrom, 1954) was based 011 years in which 
the average temperature was about 15"C, I use this 
temperature as the base setting 42 days as t = 1. Sirn- 
ple computation then gives the following relative sur- 
vivals to 24 mm. 

8 = e - z t  

'I'eirrpern t tire ( C )  
14.0 
15.0 
16.0 
17.0 

Relat ive  Survival 
0.43 
1 .00 
2.12 
4.14 

Thus a three degree range of temperature, approxi- 
mately the difference between warm and cold years 
in the California Current diiriiig the spring months 
(Reid and Roden and Wyllie, 1958), might result in 
a 10 fold variation in survival. The effect of growth 
on survival is clearly shown with respect to one pre- 
dator (a  plankton net)  in figure 5. 

Other effects of lower temperature on the survival 
of the sardine larva can be postulated. For instance, 
Brett,  et a1 (1958) have shown that the swimming 
speed of small fish varies with temperature. Tempera- 
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FIGURE 5. Relative esciency of the one meter net in capturing sardine 
larvae between day and night as a function of larval size, (adapted 
from Ahlrtrom, 1954). 

tures below the optimum for sardines would place 
them a t  a disadvantage, particularly in the face of cool 
water predators. 

Possibly even more important, in the California 
Current region a decrease in temperature has been ac- 
companied by an  increase in the standing crop of 
zooplankton (Reid et  al, 1958). For  example, off 
southern California the temperature during February 
to August raiiged from 14.3" to 15.4" Centigrade 
among the years 1949 to 1956. The zooplankton vol- 
umes varied from about 50 to 800 ml. per thousand 
cubic meters, larger volumes being associated with 
cooler temperatures. This must be accompanied by an  
increased rate of predation, depending, of course, on 
the qualitative composition of the net zooplankton. As- 
suming the type of organism to be constant, the instan- 
taneous mortality rate from this source might vary as 
much as 20 times judging by the variations in plankton 
abundance. Thus, lower temperature, in addition to 
prolonging the duration of the larval stages, and hence 
the vulnerable period with respect to predation, seems 
to be accompanied by a n  increase in predators. 
Because of the relationships shown in figure 1 only a 
fraction of the combined effects could easily produce 
more than the total observed range in sardine year- 
class strength. The increased food that must aceom- 
pany the lower temperatures and higher plankton 
volumes might operate in the opposite direction, 
though probably not strongly enough to overcome the 
adverse effects. Definitive examination of the problem 
awaits, among other things, point-by-point examina- 
tion of the in situ environment of the eggs and larvae. 

A third effect associated with temperatures arises 
from the fact that  in general lower temperatures are 
associated with a more vigorous California Current 
and more vigorous upwelling. If there is any loss of 
larvae due to the dr i f t  into unfavorable locations off- 
shore and/or to the south, this loss would tend to be 
greater during years of cold water. A t  the present, how- 
ever, it is impossible to state whether this is a major 
or  minor source of mortality. The fact that  the larva 
develops the ability to elude the plankton net a t  a n  
early age argues against it. However, the cooler tem- 
peratures attendant on vigorous coastal upwelling 
would teiid to induce the sardine to spawn further 
offshore, seemingly, increasing the likelihood that 
larvae will be swept to unfavorable areas. A full dis- 
cussion of this problem is included in  Sette ( I n  press). 

Finally, of course, cooler temperatures would tend 
to favor northern fishes, some of which might be com- 
petitors or predators of the sardine. With respect to 
the larval state during which sardine mortality is 
assumed to be density independent, the larvae of a 
more northern form such as the anchovy, which pre- 
sumably is better adapted to cool temperatures, might 
grow relatively faster, and as a byproduct might prey 
on the sardine larvae. At  the moment this is con- 
jecture, and in any event it would simply be a special 
case of the general predation by the plankton com- 
munity. A hypothesis involving the anchovy (some of 
these ideas together with documentation) has also been 
advanced by Marr ( I n  press), but his working as- 
sumption is that the anchovy larvae affect sardine 
survival by competing for  food in a density dependent 
model. 

JUVENILES AND ADULTS 
Almost nothing is known concerning the sardine 

between age 45 days and age six months. During 
this period they develop the schooling habit, and ap- 
parently move inshore (Phillips and Radovich, 1952). 
Because of this they will then be a significant element 
of the fauna a t  their points of aggregation, and the 
sizes of the past catches (nearly a million tons) sug- 
gest they are a significant element in the general 
biomass of their habitat. Mortality must be now as- 
sumed to be a t  least partially density dependent. 
Direct competition may exist among young sardines 
and between the young sardines and the young of 
other fishes. It also suggests that  predation might op- 
erate in a density dependent manner. The only posi- 
tive indication of a density dependent effect on record 
is a study by MacGregor (1959) which showed that 
condition factor of the catches of adults varies in- 
versely with population size suggesting competition 
for food. 

Because of the scarcity of data, reliance must be 
placed 0 1 1  the general principle that as the range of 
an animal is decreased for a protracted period during 
density dependent stages of its life, its numbers will 
decrease. The sardine is a n  inshore, pelagic, south- 
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temperate form. The southernmost end of its range 
abuts o n  tropical water and this boundary is relatively 
steady geographically because of the nature of the 
eastern Pacific circulation. The northern end of its 
range is near Vancouver Island but this can vary 
greatly. Between these limits flow is generally parallel 
to the coast and temperature isotherms and other 
physical attributes teiid to parallel the coast. If we 
assume that the population spreads over its available 
range, with the limits set by its own inherent responses 
to the physical enviroi~nieiit, and by competition, the 
stage is set for large fluctuations in the population. 
F o r  instance, a change in the temperature regime will 
be transmitted dowii the coast, as far as the relatively 
coiistant southern limit of the California Curreiit, 
thus producing a large change in the habitat avail- 
able to the sardine. 

Kegulation of the population during a shift from 
warm to cool coiiditions can then be postulated as fol- 
lows: A regime that  cools the waters “pushes” the 
adults south. Their southern boundary remains rela- 
tively fixed thus temporarily increasing the density of 
large fish in the now restricted habitat, a phenomenon 
that must result in increased mortality until the 
population adjusts to a iiew appropriate size. Follow- 
ing or paralleling this, recruitment is reduced by the 
several effects associated with lower temperatures on 
larval survival, because of the reduced extent of the 
inshore nursery area and because of competition from 
species better adapted to the altered environment. 

EFFECT OF THE FISHERY’ 
Though it is not appropriate to consider the fishery 

in detail, for the sake of continuity i t  is necessary to 
review briefly how the fishery might affect the nat- 
ural  ‘ ‘ enviroiimental ” regulation of the population 
size. The effects of a fishery can be expressed qualita- 
tively with reasonable exactness j the difficulties 
emerge in attempting to quantify these effects. Helice, 
this discussion will be in  the main qualitative, and 
for this reason will do little more than attempt to 
identify the problems. 

The fundamental effect of a fishery on adult sar- 
dines is to increase the mortality rate of the fished 
stocks. This results in four secondary effects : (1) the 
numbers of eggs spawned each year are reduced; (2)  
the total biomass of the population is reduced; ( 3 )  
the average age of the population is reduced; and (4)  
the size of the population relative to the sizes of the 
populations of competitors is reduced. 

Effect number 4 is not necessarily characteristic of 
all fisheries, and is perhaps one of the fuiidanieiital 
reasons why the changes in the sardine population 
have been intractable to the usual fisheries theory. 
Conventional theory was largely established on stocks 
of fish that seem to lack serious competitors such as 
the Pacific halibut, or on relatively nonselective fish- 
eries such as North Sea trawling. An extreme, of 
course, is a mono-specific fish populatioii in a pond. 
1This  and subsequent sect ions of this  discussion neere not  pre- 

sented a t  the symposium because of time limitations. They 
have been freely revised since the symposium. 

Here, dealL,,  competition with other species is ab- 
sent in  the seiise of the fisheries problem. 

Taking each of the four points in turn,  in the light 
of the earlier discussion, it is clear that  reducing the 
iiunibers of eggs reduces the numbers of sardines pass- 
ing through the deiisity iiidependerit mortality stages, 
during which mortality is postulated to be largely 
a function of predation. The problem then narrows 
dowii to whether the combinatioii of egg number times 
a density iiidependent survival rate provides enough 
individuals to occupy efficiently the available environ- 
iiieiit during later stages when survival is expected 
to be density dependent. The term “efficieiitly” re- 
quires definition. F o r  this discussion it nieaiis to oc- 
cupy the environment to the extent that  the addition 
of more individuals to a year-class a t  the beginning 
of the density dependent stage will not significantly 
increase the year-class when it enters the fishery. 

Reduction of the size of the population by the fish- 
ery also interacts with the environment, because the 
amount of eriviroiinzcnt available to a n  organism is a 
functioii of the absolute amount of environment avail- 
able and the numbers of individuals competing for 
that environment. Thus a fishery should enhance the 
survival of those individuals remaining and those in- 
dividuals in a pre-recruit stage. Or paraphased the 
classical formula : a (aniiual mortality) = ni (fishing 
mortality) + n (natural  mortality) - nz n will not ap- 
ply in a predictive seiise to the extent that  a rediic- 
tion in  population decreases n. It can be concluded 
that a fishery exer’ts a positive effect on year-class size 
by relieving density dependent environmental pres- 
sures. Possibly the size of the 1939 year-class (the 
largest on record) was in part  a function of this ef- 
fect, as it was produced by a population that had 
been heavily fished for several years. 

Reduction iii the average age of the population as a 
result of a fishery has the general effect of making the 
size of the fishable population less stable, simply be- 
cause the size of the adult or fishable population terids 
to become a function of the size of only the most re- 
cently recruited age class, and thus the population 
becomes more sensitive to short term changes in the 
environment. So  long as enviroiimeiitally induced 
fluctuations in year-class size coupled with the effect 
of the fishery do not reduce the population below 
the level at  which it can provide sufficient recruits to 
the density dependent phases of sardine life, and so 
long as the time scale of the environmental fluctua- 
tions is short, the effect of a decreased average age 
will be to increase the amplitude of the fluctuations 
in population size, but it will not necessarily reduce 
the average size of year-classes. They may, in fact, 
be increased. If the time axis of the eiivironmeiital 
changes is long compared to the average age of the 
adult population, the relative amplitude of the fluc- 
tuatioiis will teiid to be the same in  the presence or  
absence of a fishery, the effect of the fishery induced 
niortality being coilfined to affecting the shape of the 
curves, particularly by steepening a decline. 

The fourth effect of a selective fishery such as that 
on the sardine is to reduce the numbers of the popu- 
lation iii relation to its competitors and predators. In 
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the absence of competitors or significant predators 
this effect will, of course, be zero. This does not seem 
to be true in the instance of the sardine which has 
predators and probable competitors. Projection of the 
effects is difficult. There is little insight to be gained 
by reference to agriculture o r  pond culture, or even 
forestry, for here man is able and does intervene to 
counteract some of the adverse effects of the heavy 
mortality he induces. It would appear more appropri- 
ate to refer to the principles of evolution and sur- 
vival for guidance. 

I n  nature, most of the attributes acquired by a 
population are probably directed at one goal, sur- 
vival of the species a t  a maximum commensurate with 
the environment. I n  nature there is no survival signif- 
icance in  maximizing annual production of protein 
a t  the species level, though there may be a t  the com- 
munity level. What  we interpret as potential produc- 
tion in a virgin stock may be the energy utilized by 
the species to maintain itself in the ecosystem. If the 
particular population in question either by accident 
or design has no significant predators or Competitors 
man may then utilize this potentially available sur- 
plus production, e.g., a fish farm or a wheat field. I f ,  
again by accident or design, the population has pred- 
ators, but no competitors, i.e., is the sole occupant of 
its trophic level, man may still safely utilize the PO- 
tentially surplus produetion though to a lesser extent 
for he is simply competing with another predator, 
and the population of that  predator will probably 
shrink to a size commensurate with the now smaller 
prey population. 
In the instance of the Pacific sardine it appears 

that  there need not be great concern over species that 
simply prey on the adults. I f  man reduces the popu- 
lation of sardines these predators will eventually re- 
duce their predation, either by becoming less numer- 
ous, or by utilizing alternate foods. Competitors are 
another matter, particularly in the instance of a se- 
lective fishery. The sardine’s range greatly overlaps 
that of species that share its diet in  large part ,  share 
its living space, and prep on the sardine a t  some 
stages in its life, e.g., jack mackerel, and anchovies. 
Such species as these, though they obviously do not 
occupy precisely the same niche as the sardine, are 
potentially its serious competitors. To the extent that  
a proportion of the productive potential of the sar- 
dine which was “wasted” was in  fact necessary for 
its survival in the presence of its competitors, re- 
moval or reduction of this “buffer” by a selective 
fishery will be detrimental to the species. 

To some extent, then, the increased opportunity 
for surviral  of younger stages that  man provides by 
thinning down the adult sardine population may be 
more than countered by increases of other species 
which occupy the space made available. Carried to a 
logical extreme, in the face of increasing pressure by 
man the selected species (in this instance the sar- 
dine) would ultimately be restricted to an  ecological 
range and population size such that its ecological 
niche iiivolved little or no overlap with other species 
a t  its trophic level. 

It seems doubtful that  this would ever occur in 
nature. More likely is the possibility that the selec- 
tive pressure on the population by man might “sensi- 
tize” the Pacific sardine so that slight changes in 
the environment in unfavorable directions would t ip  
the scale in favor of some other species or combina- 
tion of species a t  the same trophic level, and thus 
precipitate a decline much greater than would be ex- 
pected from the environmental change alone. 

APPLICATION TO DECLINE OF 
THE PACIFIC SARDINE 

The first section of this discussion sought to show 
specifically how recent changes in the California Cur- 
rent System, particularly cooler temperatures and 
associated changes, could adversely affect the Pacific 
sardine. I n  the second section an  attempt was made 
to determine qualitatively how a fishery might mod- 
ify the effect of the environment on the population, 
and it was shown that the minimum effect would be 
to nialre the population more responsive to en1 won- ’ 

ment changes, particularly because the sardine fishery 
acted selectively within the trophic level. By way of 
a summary, this section will review the history of 
the sardine population and fishery to see if the ap- 
proach fits the facts. Temperature will be used in  the 
discussion, not in the sense that it is the sole opera- 
tor, but rather as a convenient index of the oceano- 
graphic information. 

Very briefly, cooler temperatures along the Califor- 
nia Current are associated with accelerated south- 
ward transport, and more vigorous upwelling with its 
attendant offshore movement of water. Plankton 
densities are increased. Warmer temperatures are as- 
sociated with the converse of the above, as well as 
greater influence of southern water and/or the 
warmer water to the west. 

Schaefer, Sette, and Marr (1951) described the 
growth of the fishery from 1916 to 1942. They found 
that the growth pattern could be fitted to a logistic 
curve with an  upper limit of about 600,000 pounds, 
Though they attributed this growth primarily to eco- 
nomic factors, they also concluded, from biological 
information available, that  this limit was close to the 
productive potential of the then existing population. 
I n  addition they suggest that, “Indeed, the limit at- 
tained, about 600,000 tons, may have been the result 
of a series of years during the late 1930’s, which were 
exceptionally favorable for reproduction and survival 
of the pilchard, in  which event the average maxi- 
mum stabilized yield may be expected to be lower 
than this value.” I n  point of fact, the largest year 
class by a factor close to 2 resulted from the 1939 
spawning, during the period of heaviest exploitation. 

111 the light of present knowledge oceanographic 
conditions during the late 1930’s and very early 
1940’s were generally warm (Reid et  a1 1958) and  
judging from the year classes produced appear to 
have been favorable for sardine spawning, and the 
adult population was certainly large and well dis- 
tributed over the spawning grounds. Finally, heavy 
cropping by the fishery must have served to some ex- 



tent to increase the habitat for the pre-recruitment 
sardines. Thus it appears that  the fishery, by making 
the population more responsive to the favorable en- 
vironment, was a positive factor with respect to the 
production of large year-cla4ses during the period of 
favorable enrironmeiit, and because a young popula- 
tion is more efficient with respect to food conversion, 
growth, and natural  mortality, the stancling crop of 
adult sardines may well have been larger than (luring 
earlier years. 

Beginning in 1944-45 the northern fisheries (British 
Columbia, Oregon, and Washington) began to decline 
(Clark and Marr, 1955). These were somewhat cooler 
years, and years when the salinity a t  La Jolla sug- 
gested little influence of tropical water, so this decline, 
which initially resembled earlier fluctuations, may 
have been caused a t  first by inhibition of the seasonal 
northward migration of the sardines by cooler water 
and accelerated flow. 

The decline, unlike earlier dips, continued ; the f a r  
northern fisheries virtually ceased to exist after 1946 ; 
the Monterey-Sa11 Francisco fishery virtually ended in 
1950 ; and the southern Califoriiia fishery declined in 
1953 to about one percent of its peak, later rising to  
fluctuate around 50,000 tons a year until 1958. 

Coinciderit with this, the cooler than normal tem- 
peratures in  1943 and 1944 strengthened and persisted 
through 1956 (Reid et al, fig. 18) instead of oscillat- 
ing between cold and warm anornalies as in the past, 
though there was a slight warming in 1946 and 1947. 
I n  1944 and 1945 quite poor year-classes were pro- 
duced and the catch fell dramatically during 1946-48. 
During 1946-48 moderate sized year-classes were pro- 
duced and the catches rose to over 300,000 tons in 
1949 and 1950, though nearly all the catches were 
made off Southern California. Among other things, 
this series of events illustrates the sensitivity of a 
young, heavily fished population to fluctuations in 
year-class size which may have bren caused by en- 
vironineiital changes. 

During earlier years the Pacific sardine ranged 
from lower 13aja California to British Columbia. By 
1950 the population was essentially confined between 
lower Baja  California and Point Conception, roughlp 
a 50 percent reduction in range. Most generally, a 
reduction in  the range of an  animal must be accompa- 
nied by a reduction in numbers. One critical question 
is which came first. A reduction in nuiiibers does not 
necessarily involve a dramatic change in  range ; the 
population may simply become more thinly dispersed. 
I n  the present instance the coincidence of the contrac- 
tion in range with cooling of the ocean climate lends 
support to the thesis that  a change in the environ- 
ment restricted the habitat of the sardine, and that 
the population adjusted to a new level commensurate 
with its new range. 

The reduction in  range could have come about 
simply because the adults were unable, in the face of 
swifter currents and/or keener competition, to occupy 
their range. This probably was one of the factors, but 
more significant is the probability that the contraction 
in  the range was a result of failure of northern 
spawning because of the environment. Felin (1954) 

aiid Iiadovich ( in  press) show that the relative sig- 
nificance of a year-class to the fishery, especially the 
Monterey-San Francisco fishery, is a function of the 
apparent origin of the year class as judged by the 
relative catches when they are one year olds; those 
originating ill Central California weighing more 
heavily in the catch, in particular the Central Cali- 
fornia catch during subsequent years. Thus it seems 
that sardines spawned to the north have a predilection 
to occupy the northern part  of the range, and vice 
versa. The last northern year-class (by Felin’s and 
Radovich ‘s dcfiuition) m7as that  of 1947, apparently 
the progeny of a fairly small stock of spawners judg- 
ing by the distribution of the fishery that year. 

The Monterey fishery collapsed in 1950 atid 19511, 
three and four years later, that  is when these 1947 
fish were three aiid four year olds. Since they con- 
tributed heavily to the southern California catch 
those years ( in  fact, the 1947 year-class made its 
greatest contribution in southern California as three 
vear olds during 1930-51, strongly suggesting that its 
distribution changed), it  must be concluded that the’ 
environment altered their normal northerly oriented 
distribution during those fishing seasons. It thus ap- 
pears that  contraction of range was brought about by 
failure of the adults to migrate as f a r  north as usual 
during the spawning season which of course would in 
itself preclude a northern year-class, and also was 
caused by failure of spawn to survive in  the north, a 
phenomenon that feeds back into the first operator. 

After 1949 the sardine population was essentially 
confined to the area from Point Conception south. 
Substantial catches (over 300,000 tons) were made 
during the fall of 1919 and 1950, so there must have 
been substantial spawning in the spring. Yet, the re- 
siilting year-classes were apparent failures. A further 
major effect of the environment with respect to these 
year-classes is suggested by their catch curves. The 
1919 j-ear-class shows pronounced negative mortality 
between ages 1 and 5, the catch of five year olds being 
six tiines as large as the catch of four year olds, and 
almost as large as the catch as of two year olds. I’re- 
vious to this year-class the typical pattern was for 
maximum contribution a5 two year olds or three year 
olds. Similarly, the 1950 year-class made its maximum 
coiitribution at age four. From this record it is obvi- 
ous that the virtual population method markedly 
underestimates their size relative to other year-classes 
though there is no evidence they were large year- 
classes. Perhaps more important the catch curves 
clearly show that the time-space distribution of these 
year-classes with respect to the fishery clearly de- 
parted from the iiorinal, presumably in response to the 
same kinds of environmental changes that altered the 
distribution of the 194’7 year-class after its second 
year of life. 

The ocean climate remained cold until 1957, alld 
the now reduced population remained centered in  
the south. During these years, the souther11 Califorilia 
fishery, instead of being located in the center of the 
range of the species, was stationed a t  the northern 
edge of the range, and since the fishery has the essen- 
tial character of a day fishery it was exceedingly sensi- 
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tive to minor changes in the north-south distribution 
of the sardine, the landings ranging from 3 to 76 
thousand tons. From 1957 through 1959 the ocean 
climate warmed and the sardine population ranged 
farther north in 1958 arid 1959 (as  far  as Sa11 Fran-  
cisco), though the catches have not suggested a sig- 
nificantly larger population. 

The recent warming of the California Current and 
slackening of its speed is the reverse of the events 
that  were associated with the decline, so presumably 
a recovery should ensue if the oceanic climate con- 
tinues to be favorable. If the recovery follows a course 
which is the reverse of the decline it should proceed 
as follows: ( 1 )  more northerly distribution of exist- 
ing adults and more northerly spawning (already 
underway but involving very small numbers of sar- 
dines), ( 2 )  maturity of northerly spawned fish, and 
a spawning by them, and ( 3 )  growth of these north- 
erly spawned fish to commercial age ( 2  year olds). 
Obviously this will take time, and a real recovery 
could not be expected before 1961 a t  the earliest. I n  
the meantime the population of competitors such as 
the anchovy should decline as a result of the shift 
in ocean climate and increased competition froin the 
sardine. 

I n  conclusion, it is possible to divide the natural  
pressures that regulate the Pacific sardine into three 
groups. The first is the physical-chemical environment 
and trophic levels below the sardine. These seems to 
affect the sardine directly in  a density independent 
manner arid indirectly in a density dependent man- 
ner by contracting the available habitat. The second 
is the within-trophic level competition. This involves 
the sardines themselves and such species as anchovies. 
These would seem to exert their effect in a density 
dependent manner either by competition for food 
and space or by specialized predation, e.g., adults 
eating larvae, large larvae eating small larvae, etc. 
The third is predation of various sorts from higher 
trophic levels. The rate of this source of pressure 
may well be density dependent and self-adjusting, 
and perhaps this regulatory mechanism is of second- 
a ry  importance. (Man, of course, preys heavily on 
many of the potential predators tending to produce 
a compensatory effect.) 

Finally, there is the role of the fishery. It seems 
clear that  the minimum effect of the fishery is to 
sensitize the population to environmental changes. It 
is equally clear that  the growth-mortality regime of 
the sardine leaves little to be gained by manipulating 
a year-class after it enters a fishery (Clark and Marr, 
1955) .  This leaves the question as to whether or not 
the fishery has or will reduce the pre-spawning popu- 
lation to a point that there are not enough survivors 
through the density independent mortality stages to 
efficiently utilize the environment during density de- 
pendent stages. Even a positive answer to this ques- 
tion leaves unresolved the problem of the practicality 
of population manipulation through regulation of 
the catch. 

The fact that  a t  this writing it is possible to identify 
environmental changes that parallel changes in  the 
sardine population along the Pacific Coast (and else- 

where in the world, Proceedings of the World Sardine 
Conference, in  press), and for which it is possible 
to assign a logically significant effect on the Pacific 
sardine, suggests that  the environment has played the 
major role in  the regulation of the population. I n  a 
purely negative sense, the impossibility to date of 
being able to satisfactorily apply any of the existing 
and in some instances highly successful mathematical 
models of fish populations to the excellent series of 
catch statistics on the sardine is evidence that the 
environment is playing a major and possibly dominant 
role, and that the fishery’s chief but not necessarily 
exclusive effect is to make the population more re- 
sponsive to changing environmental pressures. 
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