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One of the most interesting phases of my project of 
rearing larvae of pelagic fishes has been the opportu- 
nity to investigate some aspects of theories proposed to 
explain peculiarities of feeding and high mortality 
among clupeid larvae. Owing to the marked decline 
of Pacific sardine (Xardinops caerzdea) populations 
off the coast of California. particular emphasis has 
been placed on studying the larval history of this fish. 

Sardine larvae can be placed into a natural assem- 
blage of fish larvae possessing non-functional optic, 
oral, digestive and excretory systems at hatching. 
Food reserves in the form of egg-yolk are generally 
small in this group, and the larvae also seem to be ex- 
ceedingly seiisitire to largely undetermined environ- 
mental factors affecting survival during early larval 
life. I n  addition t o  pelagic larvae this group includes 
some larvae originating from de.riersal eggs of iiiariiie 
and freshwater species as well. 

LARVAL MORTALITY 
One of the primary considerations in studies of 

clupeoid fishes, and particularly in studies on the Pa- 
cific sardine has been the elucidation of factors re- 
sponsible fo r  mortality of larvae during a period up to 
and including nietaiiiorphosis of larvae t o  the adult 
body form. As in all fish spawning large numbers of 
eggs, an enormous reduction in numbers of individuals 
occurs between the egg and adult. Although it was 
known long ago that mortality must be highest in the 
earlier life stages, it is only recently that anyone has 
attempted to  learn just when and where in time this 
took place. 

Early attempts a t  rearing the pelagic young of 
some marine fishes were for  the most part futile, even 
though a quite comprehensive hatchery technology 
had been developed fo r  rearing many species of fresh- 
water fishes. Two of the earliest investigators of pe- 
lagic marine fish larvae, Fabre-Domergue and Biktrix 
(1897) , noted that small marine fish larvae being 
reared in aquaria died soon after the yolk-sac was 
absorbed and the tiny larvae became dependent upon 
the environment fo r  nourishment. Because mortality 
was low or  absent during embryonic, and the pro- 
larval stages, and high when the yolk reserve was ex- 
hausted and the larva began to search for food, some 
significance was attached to rate of survival during 
the first days of active life. This time of apparent ex- 
treme sensitivity to the environment was termed a 
“critical period. ” Later Hjort (1914, 1926) discussed 
a critical period concept whereby in general fish lar- 
vae were thought to have sensitive periods particu- 
larly in relation t o  their food supply. 

Specifically, a “critical period” is thought to be a 
time when larvae are prone to markedly increased 
mortality over a short time span. “Short time” in this 
context may be a matter of several days to several 
weeks depending upon the species of fish and period in 
the life history. For instance, a “critical period” for 
sardine larvae reared in aquaria (although not defi- 
nitely established for larvae in nature) may occupy a 
time interral of bctwem several hours to several days, 
may occur more than once during larval life. 

Attempts to study the rate of survival of various 
species of fish l a r ~ a e  in native have proven difficult. 
Although much of our still inadequate information 
concerning survival has been drawn from studies of 
economically important freshwater fish populations, 
our knowledge of the details affecting survival of 
fish from the time of hatching to some early jnuenile 
stage is fragmentary even for the most intensely 
studied and easily accessible freshwater fish species. 
It is not surprising, therefore, that although special 
interest and studies concerning the fate of pelagic 
eggs and larvae of various marine fishes took shape 
some 60 years ago, very little factual information is 
a t  hand on details concerning survival of larvae in 
the open sea. 

One of the most informative studies on the survival 
of sardine eggs and larvae over the major portion of 
the distributional range, has been that of Ahlstrom 
(1954), whose Figure 32 (p. 138) is reproduced here 
as Figure 1. It may be seen that losses seem to be 
quite high between the final egg stage (hatching) 
and larvae of 3.25 and even 5.75 mm is length. 

It would be of considerable importance to know pre- 
cisely when losses took place because if mortality were 
actually high during a limited period of time, a few 
days after the yolk was absorbed, for instance, then 
the term ‘ ‘critical period” might have special biolog- 
ical significance. The factors causing mortality might 
then be sought in the physiology and particular food 
relations of larvae during the short time when they 
become wholly dependent upon external sources of 
nutrition and first subject to the stresses of an active 
life. 

On the other hand, if losses were of a high but de- 
creasing intensity over the first weeks of life, no one 
period could logically be considered as potentially 
more hazardous for sardine larvae than any other 
period. Mortality would then be a form of continuous 
environmental attrition removing a percentage of the 
larval population. Factors causing mortality might 
then be expected to be any or all normal dangers of 
life such as disease, predation, food supply and the 
like. 
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FIGURE 1. Survival of sardine larvae in the sea based on numbers of 
larvae in net samples (after Ahlstrom, 1954). 

I n  discussing his Figure 32, Ahlstrom points out 
that although there seems to be an abrupt decline iii 
numbers of larvae during the yolk-sac stages of de- 
velopment (when larvae are independent of external 
sources of nourishment), it is more likely the loss is 
an artifact resulting from the escape of very small 
larvae through the meshes of the net. Marr (1956), 
in discussing the significance of this loss q(p. 167), 
mentions that evidence suggests only- one-tenth of 3.25 
inm sardine larvae eiicompassed by the net used by 
Ahlstrom were retained by the meshes. Figure 1 shows 
that rate of survival seems fairly constant from about 
the 5.75 mm stage of growth to  at least 12.0 mm, there- 
fore it may be assumed that the net had reasonably 
good retention of larvae from at least the end of the 
yolk stage, or by the onset of feeding (5.0-5.5 mm) 
in sardine larvae. If this assumption is reasonable then 
the numbers of larme reported by Ahlstrom t o  be 
present a t  the 5.75 mni stage of growth may ha1.e 
represented the actual situation, while numbers re- 
ported present in the 3.25 to 4.75 (or 5.0) min stage 
may in actuality have been far  higher a t  one stage or  
another, meaning after Marr, that the magnitude of 
increase could be nine fold at  any point. I n  othrr 
v-ords, escapement may mask when any sudden redu.c- 
tion in nuixbers may occur and the severity of such 
reduction. Iii an37 ewnt, there seems little reason to 
doiibt that quite rapid decline in numbers does take 
place in sardine larval populations between two fairly 
reliable points of population estimation i.e., the egg 
and 5.75 mni stage. The recent paper by Isaacs (1964) 
and the discussion elesewheve in this spniposiiun shorn 
that mhen all data are considered (70,000 sardine 
larvae from 10,000 plankton hanls over the years 1950 
t o  1957) there is a steep mortality curve for sardine 
larvae ending a t  approximately 5.75 inm-6.75 mm. 

It is not the purpose of this paper to enter too 
deeply at  this time into the specific question of whether 
or  not “critical periods” do actually exist in nature 
during larval development, but rather to present some 
facets of larval behavior occurring during the first 
weeks of active life. On the other hand, some interest- 
ing though tentative observations on survival rate of 
“populations” of sardine larrae in large aquaria seem 
worth mentioning here, particularly in relation to 
Figure 1. A curve describing the mode of survival of 
200 sardine eggs, pro-larvae and larvae up to 12 mm 
in leiigth (Fig. 2) very closely approximates the 
curves in Figure 1. 

COMMENCEMEfJJ OF FEEOING 

CA I2 MM. -> 15 20 25 

oArs 
0 

FIGURE 2. Aquarium experiment. Pattern of survival of 200 sardines 
a t  various stages of development. 

In these aquarium experiments 200 sardine eggs of 
the same stage of development were allowed t o  hatch 
and a record niaintaiiied of daily losses in all stages 
of growth. Losses vere very low or absent during the 
embryonic period ; tests included a number of experi- 
ments with eggs collected at  an early stage of develop- 
ment thus requiring about 2: clays to hatch (at 16”) ,  
and eggs held for longer periods at  low temperatures. 
1,osses vere also low or  absent during the pro-larval 
stage (7 days), while nutrition was obtained from the 
yolk snppl!-. Approximately at  the point, however, 
when larrae began actively searching f o r  food (5.0-5.5 
mni) while existing on stored eaerqy and body tissue, 
losses began to  mount rapidly. Only in exceptional 
cases mas survival during the nest three clays better 
than 10 out of about 200 pro-larvae. In  several sepa- 
rate iiiStanws, after 5 or  10 larvae had s u r ~ i v d  to  a 
size of appro\imately 5 5  t o  6.0 nzm in length, no  fur- 
ther losses n ere csperienced until about the 11-12.0 
nini stage of growth (about 30 clays after hatching), 
ancl a time iThen larvae seemed t o  be changing their 
feeding habits, u hen losses again were high. 

Rearing experiments bp Blaxter (1962) with 
herring larvae seem to indicate a pattern of survival 
comparable t o  that found for the Pacific sardine. Af- 
ter an initially high mortality upon complete yolk ab- 
sorption, surviving herring larvae had a low mortality 
until a later period in development when mortality was 
again high. Rlaxter’s Figure 5, reproduced here as 
Figure 3, is particalarly interesting in that the overall 
pattern of survival in each experiment changed little 
although the actual number of larvae surviving sub- 
sequent to hatching varied from 10 to  50 percent. 
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FIGURE 3. Aquarium experiments on survival of herring larvae at dif- 
ferent temperatures (after Blaxter, 1962). 

Ahlstrom’s interpretation (p.  136-137) of his Figure 
32 chooses between the seeming alternatires of a “criti- 
cal period, ” or an artifact of net selectivity, to  explain 
the abrupt decline between terminal egg and yolk-sac 
stages. Ahlstrom favored the latter explanation, but it 
seems at  least possible,in light of the experimental re- 
salts ontliiie above, that both conditioiis might apply. 
I n  other words, nets are not sampling the earliest lar- 
val stages accurately enough t o  detect a period of in- 
creased larval niortality just prior to the 5.75 mm 
stage of developmeiit, if, following Marr ’s (1961) 
conclusion that nine-tenths of the very earliest larval 
sardine stages escape through the meshes. 

The curves showing survival in Figure 1, level off 
somewhat in the section reporting abundance of larvae 
betweeii 5.75 and 11.75 mm iii length, the 1950 curve 
not showiiig quite as pronounced a flat section. I n  com- 
menting upon the more o r  less level sections in the 
curves, Ahlstrom noted that ‘ ‘this means, interpreted 
literally, that mortality during this period of life was 
negligible, after having been precipitous immediately 
following hatching. This does not seem resonable. Net 
selectivity severest on newly hatched larvae [;.e., 5- 
n.75 mm larvae] and becoming progressively less se- 
vere u7ith increase in larvae size, could produce a flat 
section of the curve.” One might well ask why this 
type of snrvival is wireaSoiiabl(~, particulary in light 
of a similar “flat sectioii” occurring in the rate of sur- 
vival of clupeid larvae being reared under experimen- 
tal conditions where predation of larvae was absent 
and the presumed main condition for larval survival 
was adequate quantities of food of the correct size and 

Survival ciirves drawn from sampling a t  sea, and 
efforts a t  rearing sardine larvae are a t  present too in- 
complete t o  offer more than interesting parallels. 
I-Iowcver, it is in the small details of larval ecology 
and be~iavior-particulavly the relation between the 
larva and its food organisms-that experimental rear- 
ing of pelagic fish larvae can aid studies on the same 
species of larvae in nature. F o r  the period when feed- 
ing of larvae is governed by innate behavior, at  lcast, 
it seems lilicly that normal behavior will be expressed 
whether the microcosm occupied by the larva be in the 
sea, or in an aquarium where it can be observed. 

INCIDENCE OF FEEDING 
Examination of various species of clupeoid larvae 

seems t o  indicate that incidence of feeding is very 

type. 

low (Lebour, 1921; Soleim, 1942; Arthur, 1956), in 
contrast to that of some flatfish (Scott, 1922), Cod, 
(Wiborg, 1948), and mackerel, (Lebour, 1920 ; Arthur, 
1956). Theories on low incideiice of feeding presume 
a number of factors being responsible for few clupeid 
larvae containing food in samples containing hundreds 
or thousands of specimens. The magnitude of the 
proportions-i.e. larvae containing food to those not 
containing food-as judged from tow net samples, is 
eiiormous in sonic species. For example, Berner (1959) 
found that in a sample of 13,620 anchovy larvae (E%- 
graailis morclnx) captured in the year 195-2, only 211 
contained food. 

The chief artificial factor proposed t o  explain the 
low food content of captured larvae is that nets tend 
to selectively capture dead or dying larvae in dispro- 
portioiiate numbers, therefore I O W  iiicidence of feeding 
may be an artifact of sampling (Arthur, 1956 ; Berner, 
1959; Soleim, 1942). On the other hand, no one seems 
to have proposed an explanation of the cause under- 
lying the natural occarreiice of such quantities of 
dead or  dying larrae in the planlirtoii; Marr (1956) 
noted that poorly xyashed nets may have been con- 
tribiitory t o  such (artificial) occurrences in some 
cases. 

Another possibility t o  which apparent low incidence 
of fecding could be ascribed, is that the majority of 
clnpeoid larvae investigated come from samples taken 
a t  night when lar1a.c are tliought not t o  feed. It is 
possible that this objection is valid. IIowever, Arthur 
(19.56) noted that young sardine larvae of 5 to 6 mni 
in length coiitaiiiecl about as mnch food a t  night as 
they did during the day, whereas older larvae con- 
taining Yood oecnrred only in samplcs collected dur- 
ing the day. This note is all the more interesting in 
light of observations of my own ~vliich suggest an- 
chovy larvae of about 4 t o  5 mm in length, hatclied 
and reared out of doors in a 50 gallon aquarium, 
feed during the night or at  least under very IOW light 
iiitensities. The larval hind-gut and freqaeiitly the 
mid-pit of tlie fish was filled with f o o d  organisms by 
5 :30 in tlie morning. The observed feeding frequency 
(the act of striking at  food) indicated that the gnt 
conld not hare heen filled to the obscrved extent in 
the short period betmen dawn arid t h e  of observa- 
tion. 

As a gencral rule. however, we may assume that the 
majority of partienlate feeding fish larvae TT ill e s -  
hibit dinrnal feeding habits, or a t  least have a higher 
food intake during the day tliaii a t  night. and we 
may f urthcr assume that regardless of species more  
clupeid larvae will he collectcd at night tha11 tinring 
the dq-. This also x--ould hold true for most pelagic 
species, but even so. clupeid larvae seem to bc iiote- 
worthp for the IDTT number of intlividuals captixrrd 
containing food. 

Other theories accept low iiicidence of feeding 
among clupeoid larvae as a natural occurrence, Fac- 
tors affecting lorn incidence of feeding include the 
possibility that food miist bc quickly digested and 
excreted because its presence in the gut would teiid 
to make a transparent larva conspicaons and thus 
more subject t o  predation ( h b o u r ,  1921). It is pre- 
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sumed that food is taken a t  long intervals and rapidly 
passed through the gut. Since the rate of digestion 
and gut clearance of sardine larvae has been estab- 
lished by Arthur (1956) a t  approximately 11 hours 
for 5.5 mm larvae and 3 hours for 10 to 25 mm 
larvae, the survival value theses of rapid digestion 
seems questionable, a t  least for sardine larvae. My 
experiments tend to confirm Arthur’s data on the 
rate of gut clearance, although the rate of digestion 
of Artemia  by sardine and anchovy (Engradis  mor- 
d u x )  larvae may vary from that for natural marine 
plankters. I have observed that an average of only 25 
seconds is required by larrae of 15 mm in length or 
larger to pass an Arteniia nauplius from the mouth 
to approximately one-half the length of the digestive 
tract ( t o  a point just under the air bladder). Progress 
of a food particle ( A r t e m i a )  through the remainder 
of the gut is much slower, with an average of two min- 
utes required for food t o  reach the end of the gut and 
form a food plug. 

The food of the jack mackerel (Trachzwus syninze- 
fricus) has been found by Arthur (1956) t o  be sub- 
stantially the same as that of sardine and anchovy lar- 
vae, but the ontogeny of the two body types and food 
capacities are very dissimilar. When they emerge from 
the egg, the jack mackerel is about 2 mm long and 
the sardine about 3 mm. Neither fish has functional 
eyes, mouth, or digestive system. Soon after the onset 
of feeding, (about 3.3 mm) the jack mackerel has de- 
veloped a large head and capacious mouth. The sar- 
dine larva at  this time is about 5.0-5.5 nim long and 
has a small head and month. The relative capabilities 
of the two types of oral apparatus niay be seen in the 
progressive increase in food consumed by the jack 
mackerel larvae as compared to the anchovy. the lat- 
ter being morphologically very similar to sardine lar- 
vae. Arthur notes (p. 95) that “a t  a length of 4.5 
mm, the jack mackerel might contain about .004 cc of 
food. Assuming that the volume of the jack mackerel 
increases roughly by the cube of its length, then dou- 
bling its length would result in a body-volume increase 
of eight times; the volume of food, however, has in- 
creased about 200 times. The anchovy, while increas- 
ing in length from 4.0 t o  7.0 mm theoretically in- 
creases in bulk by a factor of about 5.4 times. Its 
average food volume increases during this growth only 
by a factor of 1.25 times.’’ It would seem, on the basis 
of these calculations, that low food intake may be .z 
normal occurrence among clupeoid larvae, although 
low consumption does not rule out the possibility that 
the conversion of food to energy may be very high. 
Presumably the energy expended in hunting food is 
roughly similar in the two types, a t  least during early 
larval stages. 

At onset of feeding, sardine larvae have been ob- 
served to spend only an average of 25 minutes per 
hour in motion, when food is captured, and an aver- 
age of 35 minutes resting motionless in the water. The 
duration of each individual active or quiescent period 
lasted from roughly 30 seconds t o  10 minutes, with a 
number of alternating active and quiescent periods 
occurring in one hour. It appears that there is a cor- 
relation between the length of time a larva had been 

active and length of the succeeding quiescent pe- 
riod, i.e. the longer (or more energetic) the active 
period was, the longer the duration of the following 
quiescent period. Several explanations for this behav- 
ior seem feasible. The most intriguing conjecture con- 
cerns the effect of the metabolite level which presum- 
ably increases during activity and which must be re- 
duced-possibly by diff usion-as the larva rests ino- 
tionless in the water. Small (5-7 mm) larvae do not 
show evidence of a well developed vascular system. 
Thus it may be assumed that waste products of metab- 
olism, along mith oxygen, pass through the skin by 
simple diffusion. It is interesting t o  note, in this con- 
text, that erythrocytes or a t  least hemoglobin, indicat- 
ing an increased role of the blood in oxygen transport 
develop first in the larva a t  metamorphosis when the 
skin becomes covered by scales and thus presumably 
impermeable to diffusion. The motionless-drift period 
map also be a time when food is digested and ab- 
sorbed and energy is conserved. 

The yolk is exhausted at the 4.5-5.0 mm stage of 
development and larvae exist on their own tissue and 
whatever food they capture. An average of two units 
of effort (a  striking motion) per 25 minute active pe- 
riod, to capture food is the observed situation at on- 
set of feeding fo r  sardine larvae held in aquaria. It 
is not knowii, in every instance, whether or not larvae 
are successful a t  every attempt at feeding. d deficit 
may be acquired during the 25 minute average active 
period of one honr. which map be rectified bp a dou- 
ble succesq in a succeeding active period. It should 
be pointed out, in any case, that the margin between 
life and death in sardine larvae at  onset of feeding 
seems exceedingly narrow (Lasker, 1962). 

This type of alternating active and resting behavior, 
vhich limits food intake of sardine larvae, but con- 
serves energy, contrasts with feeding behavior of 
some other pelagic fish larvae equal o r  smaller in size 
to the sardine larva a t  onset of feeding. Various spe- 
cies of 2-3 mm flatfish larvae, for instance have been 
observed to move slowly but constantly through the 
water feeding at  short intervals on organisms in their 
path. Presumably flatfish larvae acquire more food 
when rich aggregations are encoiintered, but expend 
more energy than do sardine larvae when food is 
widely dispersed. The young of the California flying 
fish (Cypsekrau californicus), which hatch with an 
abundant food reserve, have been observed to swim 
continuously from the moment of hatching and to cap- 
ture food (Ar t emia )  while some yolk remained un- 
absorbed. Food is located by this fish, as in the large 
group of larvae from demersally spawned eggs, by 
traveling long distances in proportion t o  the body 
length. Most of the larvae in this group are physically, 
and probably physiologically, well developed at birth 
and rely less on chance-as does the sardine larvae at  
onset of feeding-to bring them into contact with 
food, than on their own swimming abilities. 

One very interesting report concerning incidence of 
feeding raises some questions which observation on 
living material has been able to a t  least partially an- 
swer. Arthur (1956) states “Feeding incidence, when 
high, obviously implies . . . that a large percentage of 
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the fish larvae [in a net-tow sample] have been able to 
secure food. In  other words, there is a relation be- 
tween feeding incidence and the number of food par- 
ticles per feeding fish, and the number of parti- 
cles found in a larva should be related to its probabil- 
ity of securing a food particle during the digestive 
period. In  one sample, 279 sardine larvae were cap- 
tured, of which 200 had completed yolk absorption. 
Of these 200 potentially feeding larvae, 14 contained 
food and a total of 30 food particles were found in 
these 14 larvae. Using a Poisson type distribution for 
30 particles scattered among 300 individuals, the 
expected number of larvae containing 0, 1, 2 ,  and 3 
particles was calculated. The expected number of par- 
ticles becomes insignificantly low for 4 or more par- 
ticles. The difference between the observed and the 
expected frequency distributions is that the actual lar- 
vae with food were fewer than the number calculated 
on the basis of chance, whereas the larvae with three 
or more particles were more numerous than calcu- 
lated.” Arthur goes on to say that “this may be ex- 
plained by assuming that a larva that has captured 
one food particle has an increased probability of catch- 
ing another within a unit length of time. Such a situa- 
tion would follow if the larva is somehow conditioned @ 

by the first particle thereby increasing its efforts or  
ability to  obtain a second or  third particle.” A second 
explanation of the disparity between the observed and 
the expected values within a sample was also dis- 
cussed. The gist of Arthur’s explanation is that it 
would be possible t o  capture with the same net, por- 
tions of two or more larval concentrations which had 
been living with dissimilar local plankton aggrega- 
tions. This situation obviously implies a marked hetero- 
geneity of planuon distribution within a small area. 

Among the itenis of interest brought out by the 
above are 1) conditioning of feeding behavior, and 2) 
the problem of plankton dispersal, more specifically, 
the availability of food for sardine larvae. 

CONDITIONING OF FEEDING BEHAVIOR 
In  the first instance, if sardine larvae can be condi- 

tioned t o  further efforts by the capture of food, pre- 
sumably they would also be liable to frustration upon 
repeated failure. Both premises are valid for some 
species of adult fish at least. Soleim (1942) described 
a conditioning of non-feeding behavior in herring 
(Clupea harengzcs), whereby the larva having failed 
to capture food after several attempts, gives tip and 
ultimately dies. I have observed this behavior to occur 
a t  onset of feeding in sardine larvae, however, it is 
not entirely clear whether the fish experiences a loss 
of motivation, or siniply exhausts its limited energy 
reserve, and in either case starves. Perhaps the stimu- 
lus provided by the act of capturing prey, or by food 
in the gut, engenders-or permits-further food get- 
ting activity. 

A second assumption is that the larva increases its 
ability to obtain a second or  third food particle; in 
other words, the larva learns to feed, becoming more 
proficient a t  r2ecognizing, stalking and striking food 
organisms. Although learning undoubtedly occurs in 

later larval stages it seems probable that for the earli- 
est larval stages feeding behavior is a reflection of 
ontogenetic development of inherited instinctive be- 
havior patterns. 

Limited observations of sardine and anchovy larvae 
indicate the presence of behavior patterns which prob- 
ably have some influence on larvae finding food. One 
such pattern was observed most often after a sardine 
larva (6-7 mm) had captured food, or had attempted 
to  capture food. The larva seenied to engage in a pat- 
tern of “search” in which after moving a distance in 
one direction, a 90” turn t o  the right or left was made 
and an equal distance covered before turning 90” 
again in the same direction. Some larvae were ob- 
served to turn six times, though the usual number 
of turns seemed to be three or four. Anchovy larvae 
also appear t o  stay within an  area where they have 
been successful in obtaining food, but a distinct 
“search” pattern has not been observed in larvae of 
4-5 mm in length which had been reared in aquaria. 

It seems possible that the presence of a “search” 
behavior in sardine larvae may account for Arthur’s 
(1956) observation that among larvae containing food, 
each individual contained more food organisms than 
could be accounted for by chance. In  other words, a 
larva that has captured one food particle would stand 
an increased probability of catching another if instinct 
caused it to hunt in the same area where food organ- 
isins were aggregated. This seems to be the case rather 
than the sardine larva being a randomly oriented 
predator operating on a randomly dispersed food sup- 

The feeding reflex of sardine larvae, conditionable 
or not, does not begin immediately after the yolk sac 
is absorbed. The transition from yolk nutrition to feed- 
ing upon other organisnis seems to be interspersed 
with a short period in which larvae subsist on the 
energy derived from body tissue. This is indicated by 
slight shrinkage in the length of the body. Presum- 
ably an adjustment is necessary in the visual, o r  some 
other organ system, because during this period a larva 
will move about periodically with slow undulations 
of the body, pausing now and then when it perceives 
small organisms nearby. Visual perception is assumed 
because a larva would occassionally recoil slightly and 
the head and eyes would move although no attempt 
would be made to feed. UsuaUy the larva drifted mo- 
tionless in the water for several minutes before becom- 
ing active again. The first active interest in food is 
seen when a larva apparently tries t o  focus on a par- 
ticle in the water. The body is slightly drawn into an 
S-shaped position and the head is jockeyed back and 
forth in what seems to be an attempt to keep a moving 
particle within a very critical point of focus. Appar- 
ently the stimulus to feed is not always high enough 
at  this period t o  cause the larva to strike a t  whatever 
it is that it perceives. Presumably the larva and the 
particle drift apart and visual contact is lost, or the 
feeding instinct is latent and there is a loss of interest 
in the particle. The larva may abruptly break off its 
inspection and lapse into motionless drifting, or move 
away. I n  following periods the sinuous position of the 
body becomes more pronounced, the head moves rap- 
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idly back and forth, and the first attempt to capture 
a particle is made. Only one lunge is made at  a parti- 
cle a t  onset of feeding. 

Sardine larvae which are successful in their first 
attempts at feeding develop in later stages an obvious 
proficiency a t  capturing food. A food particle is 
sighted and strnck in rapid succession. After the larva 
has reached 7 mm in length the broad swimming undu- 
lations are followed by short, rapid undulations as 
food is sighted. The head of the larva moves from side 
t o  side and the eyes are in constant motion as the body 
is drawn into a pronounced S-shape and a rapid strike 
is made. Each of these acts progress smoothly and the 
hesitancy seen during the first attempts a t  capturing 
food is no longer observed. One has the distinct im- 
pression that visual acuity is improving and that the 
larva can perceive movement of food organisms at  a 
greater distance-presnmably the head mnst still be 
brought very close to an organism, however, before it 
can be recognized as “edible”. As the larva grows in 
length, the rest periods become shorter and at  about 
9 mm the larva is in alniost constant motion. 

When Artenzia ranging in size froin newly hatched 
nauplii to several mm in length are introduced into a 
tank containing advanced sardine or anchovy larvae, 
it is a t  once apparent that larvae of about 15 mm in 
length obtain proportionally less food than larvae of 
30 mm in length during the first few minutes of feed- 
iiig. It is not primarily a question of fewer optimum 
sized Artenzia being present that limits the food intake 
of the smaller fish, bat it seems that smaller larvae 
still retain the early larval behavior of inspecting each 
food particle before eating or rejecting it. The larger 
larvae are at the point of metamorphosing to the adult 
body form and are possibly at the threshold of true 
filter feeding. 

HOMOGENEITY OF PLANKTON DlSPERSAL 
The second iten? of interest noted under (‘incidence 

of fectlinc” concerned thc relation bctmeen the sar- 
dine larva and the distribution of plankton in the 
larva’s enrironment. a n d  whether the potential food 
is uniformly dispersed or occurs in patches. This ques- 
tion is directly related to the availability of food, as 
opposed to the physical quantity present in a given 
volume of sea water. Present sampling methods tend 
to indicate the volume or mass of plankton present in 
a volume of water, but provide little information on 
micro-aggregations of organisms. I n  general, papers 
speculating on dynamics of larval marine fish popnla- 
tions equate numbers of invertebrate plankters with 
their availability as food, or, t o  put it another way, 
show that the ratio of larvae to food-mass is low, and 
therefore food is not of major significance to survival 
of larvae. 

It seems evident froin a periisal of the literature 
that the large volume of €ood organisms frequently 
associated with larvae in the contents of tow-net sam- 
ples seems irreconcilable t o  the thesis that sardine, or 
other fish larvae may starve in the sea. The ratio of 
sardine larvae t o  potential food organisins has been 
calculated by Arthnr (1956) who found a distinct 

surplus” of food organisms. Arthur calculated the 
distance between food organisms on the basis of num- 
bers caught per volunie of water sieved by the tow-net, 
and gave a mean distance between food organisms as 
10 ern or less a t  70 percent of his stations, and 7 ern or 
less a t  50 percent of his stations. This would seem to 
lend credibility to the notion that food for larvae is 
abundant in the sea, or  that, as observed by Murphy 
(1961) “because of motion of food and larvae, only 
a short time need pass before a [sardine] larva has 
a food organism within easy reach.” Random distri- 
bution of food is obviously assumed in this statement, 
because if an aggregation of food organism mere 
separated from a larva by only 20 em, a great 
deal of time might pass before a 5 mm larva would 
find food within easy reach. The relative rates of 
drift fo r  plankton aggregation and larva, in this 
circumstance, would be the same and even if the larva 
was disposed t o  swim four times its body length in 
one direction, there probably would be no clue as t o  
the direction it must take to reach food. There is rea- 
son to believe, in fact, that 5 to 7 nim larvae are not 
capable of perceiving, or a t  least recognizing food 
organisms if they arc more than a fraction of a milli- 

‘ incter distant. This statement is based upon many 
hours of observiiig larvae when they first attempt to 
feed. 

During early stages of growth the larral sardine is 
incapable of much directed niorement, thus if ‘ ‘chance 
of random encounter ”, produced by i~iacro- or  micro- 
currents in the sea, was the sole, or major means of 
sardine larvae obtaining food, any biological or  physi- 
cal phenomena which hindered random distribution 
presumably wonld in like degree hinder or  prevent 
larval fish from feeding. The real problem then, is 
to establish what the true conditions are in the sea; 
i.e. not ~vhether mixing of sea water takes place 
but whether such mixing has any ef!fect on the spatial 
distribution of organisms. We are again subject to the 
limitation of not having very much information on 
just horn small crustacea and other potential food or- 
ganisms react t o  various physical influences which 
would tend to  disperse them. Numerous studies of 
predator-prey relationships, among other pertinent 
studies have pointed up the fact that randomness of 
distribution of either predator or prey is exceedingly 
rare in nature and regardless of the physical condi- 
tions imposed upon a population of organisins- 
whether bacteria or  crnstaeea nanylii-ag~rcnatioii 
rather than dispersal is the general rule. Although the 
sea niay present a somevliat more uniform aspect 
than land, distribution of pelagic organisms is knonm 
not to be uniform with depth and, after a iiumber of 
inrcstigators, has also been fouiid not to be uniform 
in a horizontal plaiie. Barnes and Xarshall (1951) 
fo r  instance, conchided that various copepod nanplii, 
lamellibranch larvae, and unidentified eggs were not 
distributed at  random, except a t  low population den- 
sities, but had a contagious distribution. It is interest- 
iitg to note that although copepod nanglii and lamelli- 
branch larvac ITQnld be able t o  resist dispersal by 
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micro-currents, the unidentified eggs being non-motile, 
would not. Conceivably micro-currents, o r  converg- 
ences in the sea may be more liable to concentrate 
organisms or particles than they would be to disperse 
such material. Phenomena such as foam-lines and 
slicks, denoting concentrating rather than dispersing 
action, are frequent a t  sea. 

At this point we are confronted by a very incon- 
gruous set of data. On the one hand a low incidence of 
feeding among clupeoid larvae seems to be well docu- 
mented from many parts of the world. On the other 
hand, calculations of the ratio of plaiikters to larvae- 
indicate ail abundance of food in the sea. In both 
cases, h o ~  ever, the contents of tow-nets were assessed 
t o  obtain the data. 

A third incongruity is provided by observation of 
larvae held in aquaria under experimental conditions. 
Sardine and anchovy larvae ranging in size from 15 t o  
17 inn1 in length have been found to feed continuously 
on Srtemia when these organisms are offered as food. 
Both species have been observed t o  completely fill the 
gut in about ten minutes and to have an initial mean 
feediug interval of 17 seconds, i.e. a strike by a larva 
at an ilrtenzia nauplius was observed to result in its 
capture. When the gi l t  is filled and some digestion has 
taken place. after about 30 niiiiutes, feeding slows 
down 10 approximately one .lr.tenzia per minute as 
long as food is present. Larvae larger thaii 17 inm fill 
the pit in less time and capture food niuch more 
rapidly by g‘tllping one or niore dr te in ia  in con- 
tinuous feeding. 

One may well wonder, hov ever, if this is ‘ ‘ normal ’ ’ 
beharior. and whether it is representative of feeding 
beharior of larvae in the sea imder comparable condi- 
tions of high food concentration. If it is natnral for 
clupeoicl, or at  least sardine and anchoup larvae t o  
eat as inuch as they can hold when food is readily 
available, then a re-cvaluatioii of our iiiethods of esti- 
iiiatinq t h e  abnndance of the a~ailable larral fish food 
biomass iq in order. 

Very little information is on hand t o  judge the ac- 
tual arailability of food organisms to larvae under 
natural conditions, but one important study points a p  
the necessity of farther inrestigation on this question. 
In his study of the relation between larval fish an6 
food organisms. Arthur (19.56) obserred an unusual 
iiatiiral occurrence of sardine and anrhovy larvae be- 
haring like the larrae held under the experimental 
conditions noted above. In this instance Arthur re- 
ported (p .  9G) that “approximately 36 sardine and 
264 aiicliovy larvae v e r e  in this haul. Twenty-seven of 
the sardine and 41 of the anchovy larvae were 10.0 
mi11 o r  longer. The iinitsztal (italics mine) aspect of 
the sainple is that most of the larger larvae of each 
specips mere literally crainmed with pteropods. ’ ’ This 
sample was omitted from the list of food paten, as 
Arthur reported “because the number of pteropods 
found in this one sample is larger than the total nnm- 
ber of food particles foiund in the larger sardine and 
anchory larrae of all other samples examined. . . ” I n  
mj- opinion, the sample should have been retained as 
a rare natnral example of food aggregation and larval 

feeding behavior. The natural biomass (pteropods) 
had, in this instance, very likely the same relative 
availability as the Arteinia in the feeding experiments 
previously described, and the larvae which found 
themselves in this aggregation of pteropods ate to  
capacity. 

The behavior of sardine and anchovy larvae, when 
one considers all aspects, seems intimately correlated 
to the behavior of the food organisms, indicating cope- 
pod behavior studies must be considered in conjunc- 
tion with studies of larval fish ecology. Calculatians of 
mean distances between food organisms may well rep- 
resent only mathematical probabilities rather than 
biological actualities. The factors which influence fish 
populations cannot be viewed from the standpoint of 
all-encompassing equations, but rather must be stud- 
ied as a series of minutiae which affect each individual 
step in the life history of fish from the egg t o  spamn- 
ing adult. Each growth period or phase in the larval 
stage alone presents t o  the individual larva a new 
range of potentialities for success or disaster. My ob- 
servations, limited as they are, indicate changes of 
survival tend t o  increase after the individual sardine 
has passed through one critical period at onset of feed- 
ing and very likely another period at  about 11 to 1 2  
mm in length. Thus agreeing in general with Marr’s 
(1956) hypothesis that survival rate of sardine larvae 
increases at a nearly constant rate. Conconlitant im- 
provement in vision, the ability t o  range further in 
search of food, increased expcrieiiec in captiiring food, 
and the phasing in and o u t  of certain behavior pat- 
terns througho,pt larval l i fe  all serve, t o  point lip the 
large element of chance that determilies life or dcath 
for sardine larvae at  the critical onv t  of feeding. 
Probably at 110 other time in its l i fe  is the sardine so 
dependent iipoii the capkire of food and so inade- 
quztely eqnipped to ohtairi it. 
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