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1NTROI)UC'I'IOS 

I n  the past three decades, 1946 to 1976, the northcrti 
anchovy has replaced the Pacific sardinc in biomass 
(Smith, 1972) and in the commercial reductioii and 
baitfish fisheries off the California coast (Baxtcr.: 1967; 
Messersmith, 1969; Ahlstrom, 1966). 'The northcrn 
anchovy is now the ( . h i d  forage fish for. tlic sport 
fishes, large commercial fishes, marine mammals, arid 
marine birds of the Chlifornia and the northeast 
Pacific. T h e  disappearance of thc Pacific- sardine and 
the appearance of the massive anchovy population 
has sustained a large research eKort to determine thc 
causes of the major fluctuations of the fish populations 
off the Pacific coast of North America. 'l'liis report 
combines results from theoretical, field and laboratory 
studies of the northern anchovy, particularly the 
causes of reproductive success. ' l he  priniary irtipetus 
for these studies stems from the California Cooperative 
Oceanic Fisheries Investigations (CalCOk'I) in field 
and laboratory work begun in 1947. 

I t  now appears that  the fishery on the central sub- 
population of the northern anchovy (Fig. 65)  will 
increase before we gain a functional understanding of 
the causes of rapid decline in pelagic stocks. Because 
of the socio-economic issues involved, a fishery on the 

anchovy will likely be carefully regulated. \\e intend 
to usc this period of cautious harvrst to study teatiirt..; 
of the biological and physical cnvirontneni o f  t l i c  
anchovy which a re  associated with reproductive 
success. Specifically, IVC will us(: a srlrctioti of c-ausc 
atid cffcct relationships in thc description of repro- 
ductive success. Minimal criteria Cor that  siiccc-\is \vi11 
be cstablishcd ttiroitgh theorctic-al tiiodc.1.;. dcsignctl 
from and verified by field studicy atid 1al)orator.y 
experiments. 

GENERAL PRODU(:TI\TIY 0 1 :  'i'IrL: . \ w i i o \ - ,  
l,i\RVz\ EN\.I RONlIES'r 

illthough thc ability to iiicasurc thc pritiiary pro- 
ductivity of a reprcsentativc area of Lhc C h I i I h i i a  
(:urrcnt csists (see, for cxarnplr, Owcn, 1974 
is no long-tertii record. Howcvcr. cstimatcs of 
ary production arc  possible b y  thc observation of zoo- 
plankton displacement volurnc. ' I he  absence o f  ade- 

f zooplankton populatiotis \vliich 
e assemblage, does not prrmit  a 

quantitatively satisfactory model for this area. 'l'hcre- 
fore, Iluctuatioiis are  presented as tii~ari seasonal cyclcs 
of zooplankton displacement volutiies with year-to- 
year differences. 
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Figure 65. The major spawnins seilsnns arid arcns of the three 
sub-populations of the northern anchovy Eri,qniulir mord~lnr off 
the temperatr west roast of North America, modifird from 
Vroornan and Smith (1971). 

Representative primary production rates (Owen 
and  Sanchez, 1974) for 1969 indicate that  thc entire 
habitat of the northern anchovy is probably much less 
productive than the Peru Current  system. I n  the 
80000 n m 2  (275000 km2) usually occupied by the cen- 
tral sub-population, the annual  productivity i n  1969 
was 490 mg C/mZ/day. Values as high as 1300 mg 
C/mz/day were seen occasionally. T h e  maximum 

seasonal productivity for the entire region was 800 mg 
C/m2/day in February-March and the minitnunl was 
260 mg C/m?/day in  November-December. l’roduc- 
tivity in the area of the Peruvian anchoveta is usually 
stated in the range of 1000 to 1OOOOnig C/mZ/day 
(Walsh, 1976) and during the “El Nifio” pheno- 
menon of 1972, it fell to 300 m g  C/m2/day (Guillen, 
1974). 

SEASONAL CYCLES 

Solar radiation. I n  Figure 66. it may lie seen that  the 
actual average peak in solar radiation is in April 
because the clear sky solar radiation is strongly modi- 
fied b y  cloud covcr (Clark et  al, 1974). Minimum 
solar radiation does coincide with the winter solstice. 
Peak cloud cover coincides with peak upwelling as 
estimated from the Bakun (1973) baronictric prcssiirc 
model. 

Temperature. Temperaturcs representative of the 
upper layers of the ocean inhabited by the aiirliovy 
comn~only vary 4 to 6°C uiider the influence of water 
transport from the subarctic water ~iiass, the central 
water mass, subtropical water tilass, upwelling, and  
seasonal changes in local warmiiig a i d  codiilg rate. 
T h e  10-m depth peak tempcrature is conimnnly 
attained in August, but  a 30-ni peak is rcachcd in 
Octobcr-~November due to the apparent inlliiciice of 
upwelling. Average m i n i m ~ m  temperatures a t  30 111 
occur in July, following the maximum ill local up- 
welling rate. l h e  I O  to 30 ni ternperaturc difference 
indicates two important phenomena for larvae: in 
January, the tempcrature difference is minimal, offcr- 
ing the bcst chancrs for mixing, and  in July, the 
temperature difference is a t  a maximum indicating 
that upwelling and warming are  a t  a joint maximum. 
Both the iiiinimuin and  maximum I O  to 30 111 tcnl- 
perature differencr appcar  to be detrimcntal to the 
formation of feeding layers for larvae and mailitcnance 
of patches. 

UP\VELLINC AKD CAL.IFORNIA CURRENT INDICES 

Upwelling and  the transport offshore of surface 
waters which it entails (Bakun, 1973) is a t  a maximum 
in .June and a t  a minimum in December. One may 
expect up\velling to add nutrients to the upper Iaycrs, 
to transport nearshore organisms offshore, and to 
destroy stratification locally. In gcneral, the cffect of 
upwelling should be to favour the adults of a species, 
bu t  to be inimical to the embryos and  larvae. 

T h e  California Current rate of flow appears to have 
a distinct minimum in January and  a rather pro- 
longed, bu t  moderate, maximum from March to 
November. I n  general, the combined effects of up- 
welling, offshore transport, and  southerly drift would 
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Figure 66. Seasonal cycles of solar radiation cloud cover, temperature, npwelling index, California C:urrent strength, plankton \ (7. 

lume and anchovy eggs from various sources and over variom periods, modified from Lasker and Smith (in press). 

carry the planktonic stages of larvae offshore and 
south of the places where spawning occurs. 

ZOOPLANKTON 

T h e  plankton volume cycle indicates a mass surplus 
of production over consumption from December to 
July with a maximum rate of increase in the standing 
stock of zooplankton from April to May and the 
maximum rate of decrease from July to August. T h e  
maximum rate of increase coincides with rapidly in- 
creasing day  length and  elevation of the sun, while 
the maximum rate of decrease of the plankton would 
be likely to reflect continued high primary producti- 
vity with a greatly increased consumption by fishes 
and other consumers spawned in the spring and sum- 
mer. T h e  gradual decline in zooplankton which fol- 
lows, probably indicates a declining general pro- 

duction rate with decreasing day length and  elevation 
of the sun, and a decrease in upwelled nutrients: this 
all takes place in the continued high consumption of 
the spring cohorts of various consumer species. 

SPAlVNING 

T h e  incidencc of anchovy eggs is a t  a maximum 
i n  February, March and April. ' h i s  coincides with 
the maximum weight of gonads a t  about  6% of the 
mature anchovy's body weight (Fig. 66). T h e  mini- 
mum gonad index of about  1 yo is attained in July and  
August. The  maximum rate of increase i n  fat deposits 
is in the summer which probably reflects the minimum 
elaboration of spawning products, the maxin:urn 
zooplankton standing stock as well as the maximum 
rate of decrease in standing stock. Anchovy produce 
smaller, as well as fewer, eggs in summer. 
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ANNUAL CHANGES 

Proportionate clianges from year to year in solar 
radiation, upwelling, and  flow of the California Cur- 
rent appear  to be relatively small, relative to seasonal 
changes. I t  appears that while the annual and seamial  
averages a re  rather regular, there a re  iniportant 
changes in timing and  h r t - t e r m  maxima in upwel- 
ling. Net zooplankton display largr changes in stand- 
ing stock from year to year. Annual changes of 15- 
fold have been observed while the seasonal cycle is 
of the order of 5-fold or less. Spawning appears to be 
a simple function of the biomass of adults in the 
northern anchovy and the annual record reflects little 
more complexity than the rapid increase of anchovy 
over the past 25 years. 

ANCHOVY MORTALITY 

T h e  major causes of larval mortality now being 
investigated are starvation, predation and their inter- 
relationships. T h e  primary interrelation appears to be 
that sublethal shortages of food, slow growth and 
development rates, leave the larvae vulnerable to 
predation for extended periods. Among the density- 
dependent forms of these mortality features a re :  

1)  Starvation : 
a.  the adults produce more larvae and  juveniles 

than can be supported by the carrying capacity 
of the stock's environment. 

b. crowded adults invest eggs with deficient yolk 
and  the resultant larvae starve a t  a rate which 
does not  permit unit replacement of the spawn- 
ing biomass. 

c .  crowded adults a re  forced to spawn outside 
optimum areas for larval and juvenile survival 
and growth, or in seasons in which egg' and 
larvae are  swept out  to such areas. 

2) Predation : 
a. feeding activities of adults kill so many eggs 

and larvae by ingestion that  uni t  replaccment 
of the spawning biomass is precluded; for ex- 
ample, crowded adul t  anchovy may switch 
from a preponderance of feeding by biting, 
which can be avoided by larval stages of 
anchovy, to feeding chiefly by filtration which 
cannot be avoided by the embryonic stages of 
anchovy. 

b. spawning rate of the stock becomes so high that 
population growth or aggregation of predatory 
species on any  single stage of the anchovy life 
cycle increases mortality and does not  permit 
unit replacement of the spawning biomass. 

Density-independent sources of niortality such as 
mixing and cooling of the occdn b c h w  physiological 
thresholds or a n  influx of predators can I)c important 
as well. Predation on anchovy embryos has been 
measured for copepods (Lillelund and  Lasker, 1971) 
and for euphausiids (Theilacker and  Lasker, 1974) 
and has been observed in saniples by Alvarifio ( 1  976)' 
by chaetognaths over a wider range of sizes of anchovy. 
Presumably, too, the filtering organisms, the abundan t  
thaliaceans and larvaceans, and the passive paralytic 
predators, the coelenterates and ciiidarians, are all 
important. This means that  the anchovy larvae, 
always a small proportion of the plankton volume, a re  
continuously vulnerable to a vast majority of the 
zooplankton organisms which a re  captured in the 
same net. I t  is doubtful that  any  of these predators 
depend on anchovy for a large proportion of their 
metabolic requirements, but  the effect of their pre- 
dation is par t  of the density independent causes of 
mortality for ancho\.y. 

LABORATORY EXPERIMEkTS 

Basic iiieasurements on metabolic rcqGircments, 
food capture ability, and search be l ia ibur  (Hunter, 
1972) of the larvae have outliricd the reqxired density 
and quality of food to be furnished by the cnviroii- 
ment. An early conclusion froin this series of labora- 
tory experiments was that the requirements were 
seldom met on the averagc iu tlie anchovy spawniiig 
area. Very few systematic or quantitative samples of 
anchovy larval food had been taken or analysed by 
species in the anchovy spawning area. This led Lasker 
(1975) to conduct a direct larval bioassay of ocean 
waters in which first-feeding larvae spawned and 
reared in the laboratory were provided with water 
collected a t  sea to test their ability to feed. This led 
to the discovery of a large horizoutal area cvhich con- 
tained thin strata of dense aggregations of Gyrnnodinium 
and demonstrated the need for devclopment of theory 
on the relationship of larval anchovy survival and  
growth to prey iiiicrodistriljutioii and larval behaviour. 

THEORETICAL MODELS 

One  theoretical model uses all the survival, growth 
and behaviour information available to assemble a 
comprehensive simulation of growth through tlie early 
larval stage (4-20 nim) for I or 2 months, depending 
on temperature (13.5"-17,5"C). A startling result of 
this simulation \vas that  if the mean abundancc of 
food was not adequate, the variancclmcan ratio index2 

Rrporteri in mtmthly reports or thr Sational Marine Fislirrirs 
Srrvicr, Southwrst Fisherics Center, La Jolla, California. 

* Srveral methods of describing contagion usc sample pam- 
meters of variance and mean to exprcss the significance and 
intensity of patchincas. 
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of patchiness had to be above 6, was optimum a t  
about  14, and was favourable, 1iut declining slo\\Ip 
over a wide range of patchiness indices up  to 1000 
(Vlymen, 1977). This interesting result will allow 
simple multiple sampling of a site and the srtting of 
absolute threshold criteria regarding the number of 
organisms ranging in size from dinoflagrllates to 
nauplii and their distribution patterns. 

Another theoretical model uses all the sized-larva 
collections from the sea to estimate mortality rate 
(Zweifel and Smith, 1976) of anchovy larvac.. In 
general, they show that  only one larva survives from 
a thousand anchovy eggs after a month,  with a mor- 
tality of about  53"/b per day  in the embryonic period 
and about 13?/, per day  in the early larval period. 
This means that  the stringent set of conditions set 
by the Vlymen model with the predation by adults 
of the same species, predation by all others, drift into 
unsuitable areas, and  all other forms of mortality 
need to be surpassed by a t  least one larva from a 
thousand eggs after a month. I n  the serics under con- 
sideration (1951-1969) (Fig. 67), thcre was no evi- 
dence of density dependence in the mortality of 
embryos. I n  the past 14 years of population increase, 
the early larva mortality rate averaged less than 12",, 
per day, but  a t  the population maximum, mortality 
shifted to 2 1 % per day for the first 8 to 17 days after 
spawning (Fig. 68). In  each year, the larval mortality 
rate was less than the embryonic survival rate (Fig. 69) 
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suggesting that  predation of the embryos is a rcgular 
feature of spawning and that the mortality and \vision 
which accoiiipanics the onset of feeding also functions 
to reduce drastically the overall mortality rate to a n  
even greater extent than thr  food requireinent is 
accelerating mortality. 

Events in the developincnt of anchovy larvae arc  
being examined (Huntcr ,  1976) for impact on the 
survival of larvae and for the effect on sampling. 
Hatching occurs a t  about  2.4 days a t  a temperature 
of 16.2"C. At hatching, larvae a r e  unpigmented and 
have no functional eye or  mouth,  and are  inactive 
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prnportional 10 spawning biomass as compai.td with forward 
projcc'ions or thc number of Iarvao nrar tlir <.lid of the early 
larva pliarc 1)chre air bladdrr filling and scliooling behaviriur 
begins (adjusted for 16.2 C). A 5-days-old larva is just bc.- 
ginning to reed at this temperature. 
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Figure 70. Annual northern anchovy central sub-population fat and gonad cycles for 1965-1967, aftrr Lnsker and Sniith (in press). 

90% of the time. Olfactory and lateral line organs 
are developed. The major activity is in short bursts 
of swimming which are likely to be for clearing the 
larval integument boundary layer of accumulated 
respiratory and excretory products. Between about 
4.1 and 4.2 mm standard length, 7 days after spawn- 
ing, yolk absorption is nearly complete, functional 
eyes and mouth exist and locomotor activity is in- 
creased. Larval orientation and swimming behaviour 
have endowed the larva with the ability to remain in 
patches of dense food particles. Feeding strike success 
begins a t  about 10% and increases to 90% at 23 days 
old. The early larval period discussed here ends with 
the formation of a functional hydrostatic bladder pre- 
sumably for energy conservation at  night (Hunter 
and Sanchez, 1977). In the laboratory, when no food 
is given, starvation is complete before nine days after 
spawning and total mortality occurs before 11  days. 
Larvae may survive the early larval period (to 23 days) 
on only Gymnodinium as food, but the larval length 
never exceeds 6 mm as compared with 10 mm for larvae 
fed phytoplankton, rotifers and crustacean nauplii. 

FIELD STUDIES 

Field studies on mortality to date have been totally 
dependent on laboratory determinations of critical 
rates as affected primarily by temperature. The quality 
of the mortality rates, then, is dependent on the com- 
parability of the laboratory and field experiments. 
Laboratory descriptions of larval food requirements 
presently exceed, in quality, our ability to describe 
the feeding environment a t  sea. This situation is now 
being remedied by the development and use of pumps, 
closing bottles, in situ particle counters, and ultra-high 
frequency acoustic probes. The Vlymen patchiness 
model for larval food describes the mean abundance 

and variance we are looking for and hopefully one or 
more of the devices will be efficient enough to deploy 
over an 80000 n m2 brood area. Independent age; 
length tests conducted by embryonic and larval otolith 
daily rings are now being assembled to confirm or 
adjust laboratory growth and development rates for 
direct use in the field (Brothers et al, 1976). 

ADULT PHYSIOLOGY 

The primary reason for being concerned about 
adult anchovy physiology in the context of thp larval 
ecosystem is that spawned eggs may not be equally 
capable from year to year of yielding viable embryos 
and larvae. I t  has been observed that eggs sampled 
in the summer are smaller than eggs sampled in the 
winter. This size variability raises the possibility that 
eggs spawned after a low productivity summer, in the 
following winter, might be different in the quality 
and quantity of yolk and the size of the hatching 
larvae (Hunter, in press) .Were this to be predictive, the 
gonad condition and oil content of the early season 
catch could be used to regulate the fishery on adults 
so as to avoid low recruitment in an ensuing year. 
The fat cycle and the gonad cycle are inversely 
related and the fat cycle is related to the plankton 
volume cycle (Figs 66 and 70). Valdivia (1974) noted 
the anomalously low number of adults in the spawning 
stage prior to the onset of "El Niiio" conditions in 
1971, and this could have complicated the usual stock- 
recruit ratio calculation. Both the spawning rate and 
apparent survival of larvae was low in the El Nifio 
period. 

DISCUSSION 
Laboratory experiments, theoretical models and 

field studies used together to study the anchovy 
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through the embryonic and early larval stages lead 
to important, if tentative, conclusions: 1) larvae have 
the sensory and motor capacity to remain in patches 
of dense food and to improve the chances of locating 
dense food patches when outside them, 2) embryonic 
mortality appears to be independent of stock size over 
a wide range of stock sizes of the northern anchovy 
central sub-population, 3) early larval mortality may 
become stock size dependent a t  extremely high stock 
sizes. 

These findings raise the need for combined bio- 
logical, chemical and physical oceanographic informa- 
tion. We know now that we need more than the usual 
environmental and biological measurements and that 
many of the useful parameters cannot be measured 
efficiently over the broad areas occupied by the 
anchovy. 

PHYSICAL OCEANOGRAPHY 

The chief contribution to studies of fish survival in 
the larval stage in the discipline of physical oceano- 
graphy is to describe the interaction of wind stress, 
upwelling and mixing. Pycnocline formation and de- 
struction alternately maintains and destroys layering 
of larval food organisms. The maximum larval abun- 
dance appears to occur in a stable period between the 
one of turbulent mixing of winter storms and that of 
shoaling of the mixed layer by phenomena related to 
the upwelling cycle. We need efficient ways of esti- 
mating these effects over large areas. 

CHEMICAL OCEANOGRAPHY 

We need to know the time course of enrichment of 
the upper layers and the effect of insufficient or 
mistimed primary production on the fat cycle of the 
anchovy spawning biomass. We do not have an ade- 
quate description of the spatial and temporal effects 
of excretion by the major populations recycling soine 
of the nutrients and incorporating others in growth. 

BIOLOGICAL OCEANOGRAPHY 

The major information in support of larval ecology 
that is required from biological occanography is in 
the area of population dynamics of prey, of com- 
petition with and predators on anchovy larvae. Next 
in order of importance is a knowledge of the spatial 
structure of these populations on the 10's to 100's of 
metres scale. The coincidence of patches of larvae and 
their prey has been shown to be critical. The high 
mortality of embryonic stages may be due to the 
coincidence of predators in the patches of spawn mo- 
dified by behaviour. Sampling programmes to describc 
the scale and intensity of patchiness of critical species 
are needed in the brood areas. 

SUMMARY 

A patch of anchovy larvae will have more survivors 
in the sea if it  coincides with a succession of patches 
of food organisms and also if it does not coincide with 
a patch of effective predators. While adequate primary 
and secondary production are necessary to the re- 
productive processes of gonadal growth, egg and 
sperm maturation, embryonic survival and larval 
growth, they are not sufficient to insure larval survival. 
The pelagic environment must also foster and main- 
tain discrete patterns in the distribution of larval food, 
the larvae and their predators. The interdisciplinary 
approach to the problem of understanding and re- 
gulation of fisheries in the context of variable and 
productive environments in upwelling areas remains 
to be effectively designed. 
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