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Foreword

Under the Washington Sea Grant Program funds have been available
since 1971 which enabled the College of Fisheries to invite leading investiga-
tors in the field of management and conservation of aquatic natural re-
sources and the biology of important exploited species to deliver lecture series
on timely topics. Six of these have subsequently appeared in printed form and
serve as up-to-date accounts for use by fisheries students and investigators.

In 1979 appeared the tirst of a two-part account of the topic of early life
historv of marine fishes dealing with the egg stage, by Dr. G. Hempel. The
present volume and second part discusses the larval stage. Originally Dr. Reu-
ben Lasker, Chief of the Coastal Fisheries Resources Division, Southwest Fish-
eries Center, National Marine Fisheries Service, was approached and agreed
to deliver alone the entire lecture series. However, due to unforeseen circum-
stances he had to renege on this promise. Rather than cancelling the lectures
Dr. Lasker drew upon the rich supply of innovative and talented investigators
at the Southwest Fisheries Center, and Dr. P. E. Smith, Dr. H. G. Moser, and
Dr. J. R. Hunter, agreed to share the burden of giving some Jectures each on
rather short notice. This in itself is a testimony to the breadth and depth a
study on marine fish larvae occupies at this center and to which Dr. Lasker
has been a contributor and constant source of inspiration over a quarter of a
century.

His bubbling enthusiasm for the subject matter, the larval stage of pe-
lagic marine teleosts and its associated mortalities as a main factor in shap-
ing the numerical strength of a vear class, brought him back to the ongoing
lecture series at the earliest opportunity, and Dr. Lasker presented an over-
view 1o set the stage for the other contributions. In the end he edited all pa-
pers in this volume which represents the most authoritative account of the
larval life historv of marine fishes. One additional topic was added to the
series by Dr. A. W. Kendall of the Northwest Center of the National Marine
Fisheries Service on Early Life History of Eastern North Pacific Fishes in Rela-
tion to Fisheries Investigations. Because of the somewhat different subject
matter, this lecture has been published separately as Washington Sea Grant
Technical Report W5G 81-3.

Ole A. Mathisen

20 July 1981

xiif
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Fisheries on Coastal Pelagic Schooling Fish

Fishery science is undergoing a transition from the management of
“stocks” of fish to the management of the entire fish component of an “eco-
svstem.” The major barriers in this transition in the pelagic biosphere are not
the construction of theoretical models but are likely to be the logistical prob-
lems of assemnbling verification of theory from field observations.

The nature of the transition from fish stock management to manage-
ment of the fishery elements in an ecosvstem is in part apparent from the
broadly-based studies of the California Cooperative Oceanic Fisheries Investi-
gations (CalCOFT). Following the 1947 collapse of the northern “stock” of the
Pacific sardine, then the largest fishery of the United States, the CalCOFI pro-
gram was instigated and funded by the fishermen and organized by Dr.
Frances Clark, director of marine research for the California Dept. of Fish
and Game, Dr. Q. Elton Sette of the U.5, Bureau of Commercial Fisheries, and
Prof. Harold U. Sverdrup, director of the University of California Scripps In-
stitution of Oceanography. Their broad mandate was to determine the
causes of the major fluctuations of production of fish stocks in the California
current region.

From the CalCOFI research program it is apparent that multispecies
fishery management in the context of an ecosvstem will require several inter-
mediate steps from our current skills at stock management. To emphasize
the massive scope of such a transition, the survival of a year-class of fish like
anchovy or sardine off California may depend on food strata less than a
meter thick; at the same time these fish may be preyed upon appreciably
(Smith, 1978a} by young albacore spawned 10,000 kilometers away in the
western tropical Pacific or by northern fur seal fernales born 10,000 kilorme-
ters away in the Bering Sea.

Definitions
(1) Stock—that portion of a fish subpopulation available to a fishery. This
could be the entire subpopulation,

(2) Subpopulation—that portion of a population which is likely to be in-
terbreeding.
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Coastal Pelagic Fish

{3) Population—that portion of a species which is alive at a particular time.

{4) Species—a group of organisms continuous in time which was likely to be
capable of interbreeding.

(5) Guild—a group of populations dependent on the same set of populations
for food.

(6) Ecolugical community—a group of populations likely to be found to-
gether.

{7) Ecosystern—a community of organisms and their environment.

The most critical stage of the transition from stock management to eco-
system management from a fisheries standpoint is the guild. In the Califor-
nia Current systemn and several other productive areas of temperate and trop-
ical seas, the guild of schooling pelagic organisms is an obvious repetitive
feature. The major populations of schooling pelagic organisms in the Califor-
nia Current are the northern anchovy, Engraulis mordax; the Pacific sardine
(or pilchard), Sardinops sagax; the jack (or horse) mackerel, Trachurus sym-
metricus; the Pacific mackerel, Scomber juponicus; the Pacific saury, Cola-
labis saira; the Pacific hake (or whiting), Merlucrius productus; and the mar-
ket squid. Loligo opalescens. The guild depends to varving degrees on large
phytoplankton, zooplankton, and small fish. Most of the same genera occur
together off Europe, South Africa, Australia, Japan, and the west and east
coasts of South America, and major fisheries concentrate on the schooling
pelagic guild. As repetitive as the group of genera is the tendency for the
major stocks to collapse under fishery pressure.

The importance of the guild of coastal pelagic schooling organisms is
that it is a human protein source perpetually capable of providing several
kitograms of fish per year per capita of the world population. These fish are
close 1o land, and their tendency to be schooled and for the schools to be
aggregated makes their capture very eflicient by concentrated purse seine
{leets. This capture efficiency is also a major hazard to the perpetuity of the
vield, and recurrent collapses of members of the pelagic schooling guild are
the topics of much applied research in each region of the world where these
fisherics occur. The inevitable fluctuations in the available stocks may be
smoothed at the market place because canned and tish meal products can be
stored for extended periods.

Schooling pelagic fish occupy a hydrographic province whose geo-
praphic extent can double or triple in a few years and return to the original as
rapidly. Also, a pelagic schooling fish occupies a very small portion of its
available environment at anv instant, but it occupies it very intensely. For in-
stunce, we have data which suggest that under cach square meter of sca sur-
face there may be 15 kilograms of fish within a fish school (Hewitt et al.,
1976). The fish schools occupy only 0.5 percent of the arca which is phvsio-
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logically defined for them. The early nomenclature, particularly density-de-
pendent and density-independent, is generally inadequate for describing sur-
vival in schooling fish. Where the habitat is geographically circumscribed,
stock size dependence and density dependence may be identical, but in an
arca of flexible hydrographic boundaries, density dependence operates on a
local scale, such as on the kilometer scale, and stock size dependence oper-
ates on a scale of hundreds of kilometers. This distinction is very important
for monitoring a fishery because the fishery normally operates not over the
ecological range or the entire hydrographic province on which the fish de-
pend, but only over a small part of the habitat where fish concentrate from
tine to time and are likely to be encountered by fishing boats.

The Pacific Sardine

What really did happen to the Pacitic sardine? Our perception of the
situation is necessarily simple, because we lack data necessary to ercct a
complex hypothesis. However, our perception of what happened to the Pa-
cific sardine was importan{ for determining the research attack taken at the
Southwest Fisheries Center and for explaining why we are spending so much
time in the area of larval and juvenile studies.

The Pacitic sardine once occupied an area from the tropics to Vancouver
Island. ‘The virgin population was made up of about ten spawning vear
classes in addition to the vear classes about to recruit, and the older ones of
these migrated along the entire west coast of America. There were three
stocks. One stock we call the northern subpopulation of the Pacific sardine
and it is this one that spawned in the spring, roughly from the upwelling area
off Punta Eugenia. Baja California, to San Francisco. Another subpopulation
occurred south of Punta Eugenia, and one still occurs in the Gulf of Califor-
nia. The limit to spawning was the 13°C isotherm; Pacific sardine eggs do not
survive in water colder than 13°C. Following spawning, it appears that the
older fish migrated to the north, somewhat in proportion to their size—the
largest fish traveling the furthest—and separated out along the coast to feed
in the extremely rich area which terminates the west wind drift of the Nerth-
ern Pacitic Ocean. It is, as well, the primary site of an castern boundary cur-
rent upwelling system. There they gained weight for the scason and muowved
back o southern California the following spring to spawn.

The time course of the Pacific sardine tisheries has heen assembled by
Ahlstrom and Radovich (1970), The Pacific Northwest landed up to 100,000
tons and became the first area to notice the changing migration patterns of
the Pacific sardine. The fishery there virtually stopped in 1945 and has not vet
recovered. Central California was the primary site for phytoplankton produc-
tion and the place of the largest fishery, half a million tons. The sardine fish-
ery there had collapsed by the end of 1955, after two population failures.
Scuthern California, the residence of the vounger sardines, had a sustained
fishery that lasted into the 1960s and then it oo was abruptly terminated in
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1964. The Baja California fishery caught both the southern and northern
stocks; it now catches anchovy while it continues at a low level of sardine
fishing. That fleet shifis seasonally into the Gulf of California, where the pri-
mary sardine fishery is now conducted.

Murphy (1966) described what happened to the Pacific sardine. The Pa-
cific sardine had ten spawning vear classes in the virgin stock. Since short-
term anomalies in the environmental conditions are more common than
long-term anomalies, the sardine, which has ten spawning vear classes, is
not very prone to periodic recruitment failures. However, when the sardine
population was reduced to a population having only two spawning vear
classes: two recruitment failures in a row virtually destroved the stock. Mur-
phy believes that this is the direct effect of fishing because fishing changes the
age composition of the stock. This final age composition was then more vul-
nerable to shorter and shorter term environment anomalies, which eventu-
ally destrayed the stock.

I have made a slight addition to the Murphy hypothesis regarding reduc-
ing the number of year classes to two. T believe it is also true that anomalies
which cover small areas are more common than environmental anomalies
which cause year-class failure over a large area. The sardine stock collapsed
from north to south. This probably also implies that the sardine occupied a
smaller and smaller area of the pelagic environment and, having occupied
these smaller areas, was then more subject to anomalies over a smali area.
The changing year-class structure is the basis of Murphy's main hypothesis
on why the Pacific sardine collapsed. Added to this is the probability that a
smaller distribution area is more subject to destructive anomalies.

The Sardine Investigation and CalCOFI

CalCOFT is the Catifornia Cooperative Oceanic Fisheries Investigations. It
was begun by siate, federal, and university scientists at the request of the
fishermen and processors who were put out of business by the drastic sardine
population collapse. The industry wanted to know if’ population variations
could be predicted and if fishery regulations would shield it from these varia-
tions.

To find out, thev taxed themselves from 1947 1o 1978 a dollar a ton on all
of the “wetfish™ catch to support research on pelagic California commercial
fish. The fishermen themselves were interested enough to find the causes for
these drastic declines in population. They took a large fraction of their catch
dollar and put it toward specific research te study these variations. Even
though the actual dollar amount was never very large in terms of a major
fishery research program, the program guided and coordinated the research
of three major organizations for more than thirty years. 50 the less than half’
a miltion dollars put in by the fishermen out of their own pockets guided the
use of four or five times that much research money over this period.
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The primary reason the processors and fishermen withdrew their finan-
cial support in 1979 was not that they were unhappy with the progress, but
that the federal Fishery Conservation Managetnent Act (FCMA) 200-mile-
limit legislation had taken the responsibility for the management of these
fish, and it was concluded at this time that private industry could now retire
trom its funding of these activities. Today the primary research components
of CalCOFI—the Southwest Fisheries Center of the National Marine Fisheries
Service, the California Department of Fish and Game, and the Marine Life
Research program of the Scripps Institution of Oceanography—continue
their research in the same coordinated fashion but with broader objectives.

Field Studies

The primary activity of CalCOFI has been the field population study. A
large proportion of ship time was planned around studving pelagic schooling
populations in the field. This was not done at the expense of monitoring the
catch in the age, weight, condition, sex ratio—those programs continued.
Two additional surveys were mounted. One was a sea survey of juveniles and
adults conducted by the California Dept. of Fish and Game. They began by
attracting fish to night lights and catching them with lift nets or dynamite.
Their techniques for studving sardines had to be modified so that they could
also study anchovy, jack mackerel, and Pacific mackerel.

The second major field population survey was conducted on eggs and
larvae. In 1949, when high seas oceanographic work started, there was no
capability 1o capture adults on a routine basis over their entire range. One
solution was to monitor spawning behavior, stock size, and spawning. Par-
ticularly important to the interpretation of field data has been the laboratory
studv phase which began in the mid-50s.

What do we expect from a larval survey? At the beginning, larval surveys
to determine distribution and abundance of eggs and early larvae were sup-
posed to give us an index of the spawning biomass: the later larvae were to be
used to praject how many survivors there would be from each year’s spawn.
The precision of larval surveys is greater with small stock sizes than it is with
large stock sizes. The catch-per-unit-of-effort monitoring, done when a fish-
ery is operating, is accurate with a large stock size and becomes less depend-
able with small stocks. The larval survey therefore augments the normal fish-
erv monitoring in a useful way. The spawning surveys also monitor changes
in spawning biomass. One obvious shortcoming has been that the best esti-
mates of the abundance of surviving large larvae will not predict in a correla-
tive sense the size of the recruitment.

Ahlstrom (1965) examined the CalCOFT larval surveys, the recruitment
of fish into the fishery, and the oceanographic cenditions on the spawning
grounds. He reasoned that variations in “general productivity” could not have
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YEAR CLASS CONTRIBUTION TO CATCH
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Figure 1. The central population of northern anchowy year-class contribution to catch.
The nurnerical contribution on each vear’s catch by each vear-class is caleulated from
the sumn of the proportionate contribution for the first through fourth years. The sum
was normalized for the purpose of constructing a bilaterally symmetric time series
with a mean of zero, and the anomalies are expressed in the number of standard
deviations. ‘the lisheries before 1966, from which these data were derived, were small
and local. The reduction fisherv, which began in 1966, has been sampled by the Cali-
fornia Dept. of Fish and Game in the Los Angeles area (after Smith et al.. in press).
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Figure 3. The 30-meter temperature anomaly (a) and temperature (b} at the first of

four negative anomalies in the centribution to catch (Fig, 1), January 1951, The 14°C
isotherm is oriented diagonally and the 13°C isotherm is in the Southern California
Bight. The anomalies are oriented meridionally; and regional anomalies are negative
within 100 n.mi. of the coasi: part of the Seuthern California Bight has moere than 1°C
negative anotmalv.
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Figure 4. The 30-meter femperature anomaly {a) and temperature (b} at the second
of four negative anomalies in the contribution o catch (Fig. 1), January 1956, The
14°C isotherm is at 30°N latitude, 180 miles south of the mean position. The 13°C
isotherm encompasses the Southern Calitornia Bight, and the anomalies of from 0.5°C
to 2°C colder than normal over the entire distribution of the central subpopulation of
the northern anchovy.

been a major control on these fish stocks because a general decline should
have been observable in all species, but the good vears for anchovy, sardine,
and Pacific mackerel did not coincide. In fact, he stated, some of the “poorest
vears for larval survival have been yvears of high productivity,” as measured
by high standing crops of sardines. Even with these changes in the success of
vear classes, he tound no significant variation in relative numbers of large
larvae and concluded “this consistency pulls the rug out from under any at-
tempts to relate variation in larval survival to environmental conditions,” At
the time of his studv, only cight annual surveys (1951-58) had been ana-
Ivzed.

Twenty-nine vears of age composition data have been assembled from
the bait, cannery. and reduction fisheries on the central subpopulation of the
northern anchovy {Fig. 1). Large-scale features of the California Current were
examined for some of the maxima and minima in anchovy vear-class “contri-
bution to catch,” & measure of spawning success (Smith and Haight, 1980).
One constant feature, a large-scale cold anomaly in the Southern California
Bight (Smith et al., in press), coincided with the four cpisodes (1951,
1955-56-57, 196566, and 1974-75) of anomalously low contribution to
catch. Modcrate and high contribution to catch resulted indiscriminantly
from average and warm conditions.

The diagnostic sign of these years of poor contribution of a year-class ta
catch may be seen from comparing the average January temperature at 30

9
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meters over the distribution of the northern anchovy central subpopulation
{Fig. 2) with the same temperatures in January of 1951, 1956, and 1975 (Figs.
3, 4, and 5) and their resultant anomalies. The average plot has the 14°C
isotherm parallel to and overlying 33°N latitude. In the “cold” years the 14°C
isotherm is no longer parallel to or overlying 33°N latitude. The nearshore
end is replaced hy 13°C water. An estimate of abundance of the larger larvae
(15 mm) similarly shows some concordance with the “poor” recruitment
years (Fig. 6).

Not only the abundance but the timing of the peak abundance of large
larvae appears important. In the failing years—1951, 1956, 1963, 1966, and
1975—the spring and summer abundances were low, None of the regional
average termperatures shown is near the lethal limit for anchovy (Ahlstrom,
1965), so one must conclude that the temperature is an indicator rather than
the cause of adverse conditions for survival. Some of the possible causative
factors (such as low vertical stability and mixing) will be discussed in the
following sectiosn.

38°]- 4 s -
3ee|- 1 s .
~e
|2Z
34° ~ - 34°F 130 o= -
RN RN
-8 hd \/\_/‘
327 4 st ~ .
14°
| 5"
30°- = 30°F
28° - 4 28° 4
I | 1 | |
125 120 lis* 125 120° Hns°

WEST LONGITUDE

Figure 5. The 30-meter temperanire anomalv (a) and temperature {b} at the fourth of
four negative annmalies in the cantribution to catch (Fig. 1), January 1975, The 14°C
isnthermn has been replacerd by the 13°C isotherm, and the temperature anomaly is
from 1°C 10 1.5°C below average over the whole distribution of the northern anchowy.
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Figure &. Estimated abundance of 15 mm standard length anchowy larvae, 1951 to
1975. Low relative contribution to caich occurred in four sets—19353, 1955-56,
1965--66, and 1974-75. Moderate and high contribution to catch cannot be distin.
guished at the 15 mum stage. Values are quarterly estimates which result from single
craises in 1961-65; in other vears the quarterly values result from more than one
cruise in winter, spring, and sutnmer and usually a single cruise in automn.
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Sampling to Determine Anchovy Larval
Mortality in the Sea

It is impossible to make unbiased estimates of the number of fish larvae
in the sea, and precise estimates require many carefully taken and sorted
samples. The major biases are caused by extrusion through the meshes of
nets used to capture embryvos and early larvae and evasion of the approach-
ing net bv older luarvac. The major source of imprecision is the tendency of
Jarvae of all sizes to be aggregated, or “patchy.” Larval mortality may be
determined from a sufticiently large set of imprecise samples by monitoring
the sources of bias. We may begin to specity small-scale sampling require-
ments for describing larval mortality by examining the mass cffects of mor-
tality on a very large set of samples (> 30,000) over the CalCOFI grid area
(200,000 s¢|.n.mi.) for the 24-year pericd, 1951-1975.

It would be foolhardy to specifv sampling requirements in detail with-
out some information on a hypothesis to be tested. For example, a space-
extensive survev might be required to test the null hypothesis about larval
transport—*no important efiects on mortality are due to the area in which
they are spawned.” A time-intensive survey would be required to test the null
hvpothesis about critical period—"no discernible differences in mortalify
occur over short periods.” Thus for a widely distributed species like the
northern anchovy, a test of the “larval transport” hypothesis would require a
different sampling emphasis from a test of the “critical period™ hvpothesis.

For the purpose of this chapter, then, I will discuss some significant
sources of bias and how a sampling program would be established to test
severa) hvpotheses relating to larval anchovy survival in the sea. Knowledge
of the distribution of mortality in the life cycle, variations in mortality, and
models of cause and effect should provide background for rational manage-
ment of a fisherv on this stock by direct monitoring and prediction of recruit-
ment and population size.

Anchovy mortality is extremely high, and each successive life stage rep-
resents an improving chance for survival (the “Type IV” survival curve of Slo-
bodkin, 1962). T have arbitrarily divided the life cvcle into six stages: em-
bryonic. early larval, late larval, juvenile, prerecruit, and adult. In Table 1. [
have listed these stages with nominal durations, estimated daily mortality
rates, and the abundance of a hypothetical cohort spawned in a week and
evaluated at cach of the stage margins. The modecl has been constructed so
that crude estimates of fecunditv (Hunter and Goldberg, 1980) allow the
population model to represent a stationary population (Fig. 7). The model is
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Figure 7. A comparison of a total life history maodel of the northemn anchovy central
subpopulation and sample data from the CalCOFI standard silk net (Kramer el al.,
1972) and the California Dept. of Fish and GGame midwater trawl (Mais, 1974). The
main hias at the embyro stage is extrusion through the mesh of the net. The main bias
of the early larval stage is daytime evasion of the net, and the main bias of the late
larval stage is day and night evasion of the net. Further evidence of nighttime evasion
of nets by fish larvae ceniained in a plankton purse seine compared with a towed
plankton net is given by Murphy and Clutter (1972}. The point “A™ represents occa-
sional juvenile anchovy captured in the midwater traw] liner. These juveniles may be
underestimated by behavioral, geographic. and bathymertric ditferences from the
adults.

artificial because absolute mortality rate estimates are available only for the
early larvae (Zweifel and Smith, in press) and for the adults (MacCall, 1974).
These rates are joined only to satisfy the condition of stationarity. The reader
is cautioned that the population of anchovy probably does not exhibit sta-
tionaritv and that all estimated rates have been assembled from multiyear
samples over wide ocean areas.
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Biases

Four biases have been evaluated: escapement, extrusion from nets, eva-
sion from nets, and stage duration. The first three are negative biases, but
deviation in stage duration can contribute either a positive or a negative bias.
The nature of these biases is discussed here in preparation for the next sec-
tion on sampling procedures and program {tactics and strategy) for the anal-
ysis of population change through studies of mortality at sea. Another bias
may result from statistical transformation of abundance data.

Escapement

Escapement is defined here as the passage of the sampled organism
through the mesh apertures of a net. A major consideration, then, is the size
of the mesh aperture. As a first approximation it may be assumned that es-
capement will occur when the minimum dimension of the anchovy larva is
less than the diagonal of the mesh aperture. The selection of an appropriate
mesh aperture is important because larger apertures yield variable retention
when, for example, filamentous algae irmnpart retention characteristics of
smaller nominal mesh apertures. Smaller than necessary net apertures retain
more plankton from which the larvae will have to be sorted; costs of sorting
anchovy larvae from other plankton are high, so this too is an important con-
sideration.

Extrusion

Extrusion in this context is the forcing of the larvae through the meshes
of the net, This can result either from improper design of the net or from
towing the net at too high a speed. Towing speed may be acceptable on the
average, but an increase in speed near the end of the tow can extrude larvae
retained for most of the tow duration. Extrusion may also be increasingly
probable with the lengthening of towing time or with vertical towing in
rough seas. As a first approximation, extrusion and escapement should be
evaluated at tow speeds of 70 crvsec with increments of 20 crovsec {Smith
and Richardson, 1977, Table 3.2.3).

Evasion

Evasion is the swimmingof larvac out of thevelume tobe filtered by the net.
Evasion is demonstrable from day/night (Fig. 8) differences in catch of
anchovy larvae and sardine larvae as small as 5 mm preserved length. The
existence of a day/night difference also demonstrates night avoidance (Smith
and Richardson, 1978). For a first approximation the evasion bias can be re-
garded as total when the length of the anchovy larva is 3 percent of the radius
of the net when the net is being towed at 5 larval body lengths per second.
For bridle-free nets (which are recommended), larvae will be sampled some-
what better. Evasion will likely be reduced by improved filtration efficiency
and nets with low visual contrast.
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Figure 8, Larval anchovy capture by time of day and size, total California Current
Area, 1951-1969. Marked agrmmetry at dusk may be atributed 1o the tendency of
larvie 10 nun standard length to approach the surface to ingest a buhble to fill the gas
bladder (Hunter and Sanchez., 1977). The night to day ratio of catches is likely duc to
enhanced ability 10 react effectively to the slow approach (70 envsec) of the CalCOFT
net in davtime,

Stage Duration

The duration of fixed arbitrarv developmental stages of fish larvac con-
trols the estimation of mortality. If all adjacent stages of fish larvae are of
identical duration, a precise and accurate estimate of mortality rate is possi-
ble from relative estimates of abundance of the adjacent stages. For example,
if one stage is twice as long as the following stage, the interstage mortality
rate will be overestimated owing to the relative overestimate of the first
stage. Of course, mortality “inversions™ can occur when the second stage is so
long as to appear more abundant than the first. Unbiased mortality rate esti-
mates may be passible if stage duration is known.

1. Temperature

Temperature can influence mortality estimates over time or area by de-
laving larval development in colder time periods or areas leading 1o a longer
duration at a stage and an overestimate of relative abundance. Temperature
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and natural variation may be the exclusive controls on development rate and
stage duration in the embrvonic period (before feeding) of the larvae. In an-
chovy the embryonic development period may be doubled by a change from
18°C to 13°C, leading to a twofold overestimate of abundance at that stage.

2. Food

Following total utilization of the yolk, the rate of feeding and energy
expended searching for food may markedly influence the duration of prede-
fined stages. No studies of the effect of feeding on duration ot predefined
stages have been completed. It may be assumed that variability by a factor of
2 in duration may occur in the early larval stages, and a factor of 7 seems
possible for the later larvae. However, this high level of variahility does not
appear to be supported by the age distributions of larvae caught at sea
(Methot and Kramer, 1979).

Statistical Tranformation

It seems possible to confuse the graphic (Bagenal, 19553 Attchison and
Brown, 1966) and analvtical properties of the exponential decline in abun-
dance with the statistical properties of log transformation. It is, of course,
permissible as a first approximation to plot the logs of abundance versus
time to obtain a linear form of the exponential mortality and to interpolate
on this basis. A problem arises if, instead of plotting the log values of the
stage sample means, one plots the means of the logs of the sample values.
This is the geometric mean, and the use of adjacent valucs of the stage geo-
metric means will lead to a bias in the estimate of mortality slope. This bias
originates from either or both of two sources related to the dispersal or
aggregation of the larvae—changing sample variance and changing sample
coverage.

1. 8ample variance

The geometric sample mean is a function of the arithmetic mean and
the sample variance. Thus changes in the geornetric mean have imbedded in
them changes in both sample mean and variance. The general trend of mor-
talitv in larvae is also accompanied by dispersal of patches in the embryonic
and early larval stages and the appearance of reaggregation in the later larval
stages. The effect is that the geometric mean is a large underestimate of
abundance in the more patchy embrvonic stage and a smaller underestimate
of abundance in the more dispersed early larval stage; a mortality rate calcu-
lated from geometric means will thus be an underestimate of the population
mortality rate. Such a comparison of geometric means may even result in
changing the sign of the mortality rate, Less serious perhaps in the late larvae
wauld be the tendency for the bias of the geometric mean to be greater in a
late stage, and this would mathematically induce an overestimate of mor-
tality brought on by the reaggregation of the papulation into patches.
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2. Log transformation

‘Two approaches 1o log transformation arise in the treatment of zero
samples: (1) if one adds a constant to all sample values before transforma-
tion and (2) if we analvze positive samples onlv. When analyzing mortality of
tish larvae, addition of a constant induces a gradual decrease in the slope
owing to the larger proportionate contribution to the total of the constant.
Secondly, the dispersal of the embryonic stages entails expanding coverage of
the habitat, possibly reducing the number of “zero” samples for a time and
changing the proportionate contribution of the added constant. Analysis of
only positive samples under these same conditions results in an overestimate
of the morality rate. For different species of larvae, I consider it prudent to
examine these effects betore proceeding with analysis of mortality. Alter-
nately, methods not employing logarithms could be used.

3. Weighted negative binomial

The weighted negative binomial model (Bissell, 1972; Zweifel and
Smith, in press) can be used to obtain unbiased sample means and maxi-
mum likelihood estimates of the upper and lower confidence limits. The ad-
vantage of this model has no biological basis but is related to the explicit
(reatment of “zero observations,” the use of the arithmetic mean as one pa-
rameter, and the ability to accommodate all scales and intensity of contagion
trom Poisson distribution to log-normal.

Sampling Strategy

Limited resources for collection of larvae at sea, sorting, identifving and
measuring on land, and analysis of the data lead one to consider questions of’
sample strategy. From examination of CalCOTI data used for biomass assess-
ment, one may gain some insight into sampling requirernents for more spe-
cific hypotheses regarding larval mortality. Some preliminary considerations
of the extent of sampling and the temporal and spatial intensity of sampling
mav be deduced from existing survev data. The CalCOFI surveys usually cov-
ered tens to hundreds of thousands ot square nautical miles, with one station
for each 800-1600 square nautical miles. Survevs were at monthly or quar-
terly intervals, und annual estimates of species abundance were formed from
1500—2000 samples. This data set has limitations at the smaller scale for de-
termining sampling strategy, but the scale of patches is probably from 0.2
to 1 nauatical square mile (the size and movement of a spawning school) and
the period of vulnerability of larvae to a plankton net is of the order of three
weeks. For this purpose we will consider six hypothetical larval mortality sil-
uations: larval transport, critical period. predation (including cannibalism),
starvation, preschooling distribution, and spawning condition.

Larval Transport
The null hypothesis is “changes in geographic distribution of the larvae
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relative to the geographic distribution of spawning have no important influ-
ence on the numbers of fish which survive to become mature.” To test this,
one needs an estimate of the number of survivors from the cohort of interest
and a set of larval samples. This set of samples must be spatially intensive to
provide an estimate of mean position at several stages of larvae in the erm-
bryonic, early, and late larvae stages. The sample set for northern anchovy
would also need to be temporally and spatiallv extensive because of the long
duration and wide area of spawning from which the survivors eventually
emerge. Space-time units for anchovy could be several hundred square miles
at biweekly or monthlv intervals from December to July. Within cach space-
time unit there would be sufficient precision for a useful mortality estitmate
from fewer than 100 samples.

Critical Period

The null hypothesis is “larval mortality is constant for all stages of em-
bryouic larvae and early larvae, or there is a gradual improvement in survival
as the larvae differentiate sensory and locomotor structure.” The term “criti-
cal period” is an acuarist's phrase for the transition from rearing yolked larva
stages to those requiring the provision of the proper kind and amount of
food. 1t is reasonable to assume that first-feeding is also important in nature.
The demonstration of this phenomenaon at sea should probably begin with
temporally intensive sampling over a small area near the maximum concen-
tration of larvae. Because the embryonic stages and the carly larval stages
which ensue are still highly aggregated following the schooled spawning, ad-
equate precision of estimates of the mean and standard error of the mean
will require 500-1000 samples taken with sufficent precaution to eliminate
escapement or extrusion through the meshes at the time of hatching. Mesh
size should be (1.333 mm for northern anchovy, and the total volume filtered
should be kept low to minimize variance.

Predation

The null hypothesis is “species ‘A,” which coincides in space and time
with the anchovy eggs or larvae, does not prey on the anchovy to such an
extent that the anchovy egg or larva mortality rate is appreciably changed.”
In the test of (his hypothesis, one requires spatially intensive samples which
are adequate to sample both predator and prey. For example, in the special
incidence of “cannibalism™ it was found necessary to deploy plankton nets
with 0.333 mm mesh and in the same area to deploy commercial-scale
trawls to capture (he adults. Other predators could require intermediate net
sizes or could be obtained from the same samples as required to determine
the larval mortality rate. To assemble a model of changes in larval mortality
rate as a function of changes in the coincident populations of predators, the
quantitative deployment of several scales of samples is required. 1t does not
seem likely that population models for predators will be necessary on this
time scale.
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Starvation

The null hypothesis is “in nature the larval mortality rate is not affected
by the amount, kind, spatial distribution, and production of food orga-
nisms,” To gather evidence for this hypothesis, one woukd need the usual
spatial and temporal intensity of sampling reqquired to define larval mortality
and the ability to sample with high spatial definition the food of the anchovy
jarvae. This would require the coupled deplovment of sampling equipment
with sufficient retention capacity to retain the food of the larval anchovy. The
tood samples would need only to cover the spectrum of sizes below the sam-
pler used for the larval samples. The smallest size of interest is determined
by the acuity of the larval eves, and the largest size of interest 1s dletermined
by the gape of the larval mouth. Since the larval mortality rate needs to be
monitored for several months. one needs population madels of the prev orga-
nisms to estimate food production. Another aid in resolving the horizontal
and vertical dimensions of spatial intensity would be a serics of madels con-
cerning the formation and destruction off food aggregations. Also, the
changes in larval growth under various conditions of starvation will be re-
quired to adjust the size-specific mortality rate and the time-specitic mor-
talitv rate estimates.

Preschooling Distribution

The null hvpothesis is “in nature there are no important cegional or tem-
poral changes in dispersal rate which would matertally influence the rate of
formation of schools by juvenile anchovy,™ The tests of this hypothesis would
recquire verification of the size and number of juvenile fish schogls as a tunc-
tion of the distribution and number of tish larvac from whicly the schools
were tormed. Like the “predation” hvpothesis, this would require a wide
range of sampling apparatus. The deplovment would be different in that the
predation test reduires simultaneous samples while the “preschooling distri-
bution™ hvpothesis requires o sequential arrangement of samples of various
sizes. For example, plankton nets or pumps would be deployed for the larval
mortality rate. 60 davs later micronekton net samples of juveniles would be
needed. and later still, conunercial size samples of prerecruits and adules
would have to be taken, Samiple repetition and the resultant sample variance
would be used to evaluaie the intensity of aggregations. Determining the
scale of aggresation would require hlgh spatial intensity and continuity for
resolution.

Spawning Condition

The null hvpothesis is “within the observed range of physiological condi-
tfon of spawning adults, there will be no important changes in the subse-
quent survival rate of larvae.” This test would require samples of the adult
anchovy for six months prior to the spawning season and temporally intense
samples of the egg production and larval survival.
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Conclusions

While many plausible hvpotheses exist to explain the variation in sur-
vival rate of larvae and the rate of addition of voung fish to the commercial
stock, there have been few tests. The scarcitv of tests of hvpotheses is caused
by the lack of identification of the spatial and temporal intensity needed for
samples required for the tests of single hypotheses. The evaluation and com-
parison of two or more mechanisms is far more difficult, and multiple tests
are likely to be necessary. This may be stated as a null hvpothesis, “the funda-
mental cause of variation in the survival af anchovy from spawning to re-
cruitment is the same from year to year.”



Larval Anchovy Patchiness

In the previous section I pointed out how larval anchovies have been
used to assess biomass. Underlving this technique is the recognition that the
Jarvae occur in patches and that a knowledge of the causes of patchiness is
central to applving this technique. An investigation of larval survival must
take into consideration patchy distribution of larvae as well. Anchovy larval
patchiness has many origins, among them schooling of spawning adults
($mith, 1978b), diurnal periodicity in spawning behavior, local sites of high
larval mortality, dvnamic oceanic events like convergence zones, and larval
aggregation behavior. Unfortunately, it has not been possible to study these
contributing causes to patchiness in sutticient detail to detect the impor-
tance, scale, and consistency of the causes of patchiness (Fasham, 1978).

Schooling of Adults

The adult northern anchovy is found in schools, but it is not known
whether schooling is a necessary condition for survival. Mais (1474) reported
several years of surveys with a sonar using the “sonar mapping” technique
(Smith, 1970), which vields an estimate of the number of schools per unit
area and an estimate of the distribution of school sizes. Table 2 is a summary
of measured targets from all seasons in the California Dept. of Fish and
Game Surveys (Mais, 1974). From this table it is scen that about 94 percent of
all fish schools are less than 80 meters in diameter, but if school tonnage is
proportional to school cross-sectional area, the 6 percent of schools larger
than 80 meters in dizmeter contain mere than half the anchovy biomass.

Seasonal data from Mais (1974}, summarized in Table 3, show that the
number and size of anchovy schools increase rapidly in summer and fall.
There is reason to believe that the additional schools may contain radically
less biomass (¥4 to ¥2) per unit surface area (Hewitt et al., 1976, Fig. 4h;
Vent et al., 1976, Figs. 7d and 7e). These mav not be spawning schools. In-
stead, they may be the large schools of Toosely compacted juveniles spawned
in the preceding fall, winter, and spring.

Anchowy schools are probablv more compact in the davtime (when we
have measured the schools with sonar) than they are at night when thev are
spawning. For example, the average daviime compactness of 15,000 grams of
anchovv per square meter of school horizontal arca (Hewitt et al., 1976)
could have 7500 grams of female anchovw of which one-sixth (1250) are
spawning; 380 eggs per gram of female would vield 475,000 eggs per square
meter per night (Hunter and Goldberg, 1980). Qur largest samples of eggs
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are about one-twentieth of this value, or 23,750 eggs per square meter. This
value will have been influenced not only by the spawning school becoming
less compact at night, but also by gross motion of the school during several
(6-8) hours of spawning and by turbulent dispersion of the eggs following
spawning and fertilization.

Spawning and schooling behavior in the Pacific sardine is probably anal-
ogous to that of the northern anchovy. A localized analysis of 183 plankton
samples (from Smith and Richardson, 1977, p. 84) is shown in Table 4. The
major features of the development of larval paichiness following spawning
are shown. One characteristic is that there are 85 percent positive samples of
first-feeding larvae (5 mm SL) and only 66 percent positive samples of first-
day eggs. Owing to dispersion, more area appears to be covered by larvae
than by eggs. In about three weeks, there have been increases in unit sample
areas covered by 2, 8, 32, 128, and 512 sardines per 10 m?* and decreases in
areas with 0, 8, 192, and 32,768 sardines per 10 mn?. By the time the larvae are
10 mm long, there are no sample counts of 128 and above, and only 20 per-
cent of the unit sample areas contain larvae.

Last, it should be noted that a condition of random distribution where
the variance equals the mean is not attained in the set of data in Table 4. The
variance:mean ratio is 11,840 to 1 for first-day eggs and is still 15 to 1 for 10
mm larvae. Unfortunately, we have insuflicient observations to determine
how much of the patchiness persists from the nocturnal spawning behavior
of the adults and, alternatelv, how much of the larval distribution is the re-
sult of pattern-forming activities such as localized areas of high mortality,
aggregation behavior of the larvae, and dynamic ocean events lLike conver-
gEDCC.

Statistical Consequences of Larval Patchiness

The primary statistical consequence of larval patchiness is the require-
ment for large numbers of samples to allow an estimate of absolute abun-
dance with useful levels of precision. The number of samples required for a
constant precision of x10% of the mean for the 3 davs and sardine larvae to
10 mm length are shown at the bottom of Table 4. The range is from 6,759
sarnples of first-day eggs to 1,033 samples of 5 mm larvae. The rapid increase
in samples with no larvae in the 8, 9, and 10 mm classes imposes additional
sampling requirements.

Although the trends in sampling requirements by stage of development
look reasonable, one should be cautious about the actual values, because the
parameter estimates are sample estimates from only 183 samples. The actual
number of samples required is a tunction of the population mean and the
population variance, not the sample mean and variance. Current estimates of
sample mean and variance are also likely to include sources of variance other
than larval patchiness (English, 1964} such as temporal and spatial gradients
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Cnastal Pelagic Fish

Table 3. Selected parameters of northern anchovy schools in California coastal waters
{caleulated from Mais, 1974},

Anchovy Anchovy Coverage
schoals schoal size m* of anchovy school
Season (nevken®) {m*schoot) me surveved
Winter 0.7 1151 0.0009
Spring 0.73 72 0.0006
sumnwr 1.22 1327 0.0016
Fall 1.494 1683 (3.0033

{Colebrook, 1969} and regional and scasonal differences in abundance and
survival. All data analvzed so far (Smith, 1972 Parker. 108()) indicate that
the schooling pattern of the adults is the major source of variance.

Because schools are the major source of variance, anv regional or
seasonal correlative studies or analvses of variance must expend a high level
of sampling effort to ascertain cause and cffect of survival and environmental
conditions. Log-transtormation does not materially aid these comparisons.
Yor example, in Table 4, the geometric mean provided by log-transformation
increased from 23 stage “A” cggs o 40 5-mm Luvae, while the arithmetic
mean decreased from 873 stage “A” eggs 10 161 5-mm larvae, It is mathe-
matically possible 1o estimate the arithmetic mearn from the mean and vari-
ance of log-transtormed dala, but there are insufficient studies to date 1o
establish the efficacy of estimating two parameters. mean and variance of
the log-transformed sample values, to further estimate another population
parameter, the arithmetic mean. This statistical phenomenon should be ex-
plicitly solved by simulation betore cause and ctfect studies are plinned and
conducted af sea.

It is apparent that the variance of numbers of eggs and larvae in sarmples
is a result of the interaction of the size of the sumple and the size of the
patch. For example, patchiness on the scale of centimeters would not be
measurable with a 1-meter net towed several meters. One obvious sulution to
sample varianee would be to lengthen the wow until the proper proportion of
larval patch to low-density areas between patches is obtained in a single
sample. Tor this tactic to succeed there should be one scale of pateh constant
fitnn place to place and from time to time.

It is 1ot vet possible to test the consistency of patch scales: it s known
that patchiness occurs on several broadly diftering scales at sea. smith {1970)
reported a school group, believed to be northern anchovy. about 10 km in
diameter. Fiedler (1978} reported the analvsis of several school groups de-
teeted by California Dept. of Fish and Game Sea Survevs, The mode of school
group radii detected was 8 miles (13 km) and the distribution ranged trom 2
to 654 miles (3—100 km). with a log normal distribution with parameters Inx
= 2.319 and variance 0,676, Within school groups, the mumber of schools per
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Coastal Pelagic Fish

square mile exhibits a mode at 67 (20/km?) and the distribution ranges from
9 schools to 221 schools per square mile (3-64/km?). The log normal param-
eters are Inx = 3.910 and variance 0.510. School sizes exhibit a mode at 10
meters and a range of distribution of from 0 to 400 meters (Mais, 1974, Table
1). Also, the compaction of fish within the schools (Hewitt et al., 1976) varies
from 0.25 to 64 kg/m2, with a mode of 4 kg/m* and a log-normal distribution
with parameters In x = 1.952 and variance 1.816. Graves (1977) photo-
graphed within fish schools at sea and detected a range of 50366 fish per
square cubic meter (Fig. 9). The underlying importance of the intensities and
scales of contagion is that it is unlikely that a sample tow of anv particular
fixed length will diminish sample variance materially.

Biological Consequences of Larval Pattern

For fish schooled as adults, larval pattern may represent only a brief dis-
ersed interlude in the life cycle. Some of the advantages of schooling as an
adult could be conferred on the larval aggregations. Shaw (1978) lists the
advantages of schooling as follows: conservation of energy while swimming
through hydrodynamic interaction; enhanced reproductive opportunity; im-
proved learning; greater tolerance of toxic substances; and protection from
predators. Probably only improved learning and protection from predators
would apply to the larval stage.

Protection from predators ( Hrock and Riffcnburg, 1960; Hobson, 1978)
through aggregation is implemented by decreased probability of contact and
this is most advantageous when the size of the aggregation is adequate to
satiate the predator, This latter consequence may operate at the larval stage
or the maintenance of aggregations in the larval stage may only facilitate the
formation of schools of “viable™ size following metamorphosis into schooling
juveniles,

Hewitt (1981) has considered the adaptiveness of larval pattern and de-
scribed the life-cycle pattern through the larval stage for two fishes, the clu-
peiform anchovy (Engraulidae, Engraulis mordr), and the perciform jack
mackerel (Carangidae, Trachurus symmetricus). He finds that the spawning
pattern is less intense for the perciform. An index of patchiness indicates that
the pattern becomes identical for anchovy and jack mackerel after two weeks
of age.

Our interest in patchiness and particularly the changes in patchiness
from one life stage to another stems from the conviction that since mean
abundance of older larvae so far does not allow the distinction to be made
between highly successful and moderately successful year classes, it may be
that the intensity of pattern rather than mean abundance controls the suc-
coss of survival in the later stages. With this rationale, the maintenance of’
patches in the larval state secures the advantages of schooling far sooner for
the juveniles.

Lastly, patchiness may be a requirement for survival, Vlvmen (1977]

~
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Figure 3. Yortions of anchovy schools photographed at sea (Graves, 1977) with the Isaacs-Brown
free vehicle drop camera. The mean of ten schools was estimated to be 115 fish per cubic meter
tstandard deviation 39, range 50-366. median Gi3).
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demonstrated with a simulation model that larval growth requires patchi-
ness in its food given the quantity of food in the sca. Thus a major oceano-
graphic feature may be the stability to foster and maintain patches of food
and permit the larvae to remain in tavorable patches (Hunter. 1976; Lasker
et al., 1970; Smith and Lasker, 1978; Lasker and Zweifel, 1978: Hewitt,
1981). Possibly one of the more enduring eftects of the CalCOFI program has
been the transition from regarding patchiness as a statistical nuisance to the
appreciation of pattern as a necessity in the pelagic ecosystem.
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Feeding Ecology and

Predation of Marine Fish Larvae
#

John R. Hunter

The objective of my three lectures ) this serics is to
describe some of the behavioral and physiological char-
acteristios of marine fish larvae that affeet their survival
and growth. The two major sources of larval martality
are probably starvation and predation. The tirst two lec-
jures deal with feeding ecology of marine tish larvae: 1
point out differences in life history strategy and how such
ditterences ativet the abilily of Tarvae to avoid stanvation.
These two loctures came from a review Thad writtenin
1977 (Hunter. 19801, and that review is reproduced here
with only miner changes, In oy last lecture Ldiscuss the
prohlem of predation on eggs and larvae and make some
general conclusinns. nall lectures. I depend on mw re-
search and that of colleagues at the Southwest Fisheries
Center in La Jolla, Calitornia,



Feeding Ecology

Parental Effects

Egg Size, Yolk Quantity, and Starvation

The size of a larva at the time of first feeding and the amount of time
available to find food before onset of irreversible starvation arc largely deter-
mined by the maternal influence of egg size and by water temperature. Shi-
rota (1970) tound that the length in millimeters of 46 species of marine and
freshwater larvae at onset of feeding was related to egg diameter in millime-
ters bv the simple relationship L = 4D. Large size at onset of feeding is an
advantage because larger larvae are able to swim faster and search a greater
volume of water for food.

As shown in Table 1, larvae from large eggs generally have more time to
find food betore the onset of irreversible starvation, because volk persists for
a longer period after feeding begins and the larvae have greater reserves in
their bodv which can be used in metabolism (Blaxter and Hempel, 1963).
Larvac from small pelagic eggs are capable of existing for about 1-2 days
after volk absorption before onset of irreversible starvation, whereas larvae
from large eggs such as herring and plaice are able to exist for 6 days after
valk absorption. and in grunion larvae starvation is still reversible after 16
davs (May, 1971). The ability to withstand starvation increases steadily from
this point. At the beginning of metamorphosis, herring can withstand 15
davs, plaice 23 davs (Blaxter and Ehrlich, 1974}, anchovy 14 days, and Pacific
mackere] larvae 5 days (Hunter, 1976b; Hunter and Kimbrell, 1980a). These
differences reflect in part differences in activity; plaice are less active than
herring at this time (Blaxter and Ehrlich, 1974) and anchovy less than mack-
erel. Differences between older fishes reared in the laboratory must be con-
sidered only in a relative sense because of the striking differences in condition
between reared and wild animals {Blaxter, 1975).

The duration of egg incubation, although strongly aftected by tempera-
ture, is also influenced by egg size. Ware (1975) found the relationship be-
tween the incubation time (I; days) at the water temperature for peak
spawning and egg diameter (D; mm) for 14 species of Northwest Atlantic
fishes was D = 0.1011 + 0.67. Similarly, the duration of the volk sac stage is
also atfected by egg size (Blaxter and Hempel, 1963), Thus, larger cggs im-
prove the survival capabilities of a larva at the onset of feeding, but at the
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Table 1. Vulnerability to starvation of eight marine lish larvae at the time of first feeding.

Yulk Days to point of ne
Size at hatch absorption returnd relative to:
Temp. Length Dry weight  Period Ynlk Onset of
Species °C trrm pe dayvs Hatch  absorption  feeding
GRUNION®
Leuresthes tenis 20 4.0 360 4 1240 g+h j2~h
CLYDE HERRINGH
Clupea harengus 78 82 189 i 25 5 22
HADIHICK®
Melarogramius aedefinus ki 3.5 — 67 |1 -1 —
PACIFI: MACKERELY
Scomber japonicus 19 14 40 3 4.0 1.0 1.6
NORTHERN ANCHOWY:
Engrautis mordn.r 155 2.9 21 4 T 1.5 2.5
BAY ANCHOVY:
Anchoa mitchilli 24 15 18 1.7 31 1.4 1.7
SEA BREAMM
Arhasarqus rhomboidalis 22 2.3 28 L2 34 1.2 1.7
LINED SOLER
Archirus lneatis 24 1.9 a2 3.3 3.8 ] 1.3

2 Time of irreversible starvation ( Blaxter &= Hempel, 19G3).

b 30% mortality from starvation. not a paint of no return, because all survivors able to
survive if fed.

© May (1971).

A Blaxter & Hempel {1963 ): Blaxter & Ehelich (1974).

< Laurence (1974): Lanrence & Ropers (1976).

! Humter & Kimbrel) {1960

& Lasker et al, {1270], Hunter {unpubl. data).

" Howde 119741 Houde 11978).

cost of decreasing fecundity and increasing the duration of stages most vul-
nerable o predation.

The optimum egg size must strike a balance between numbers and the
risks of starvation and predation. At lower temperatures, where incubation
periods are longer, the advantage generally falls to larger eggs, whereas the
reverse appears to be true at higher temperatures (Ware, 1975). Fine adjust-
ments in these tactics appear to exist within a species to meet seasonal and
regional differences in environment. Egg size varies significantly among
spawning groups of herring (Blaxter and Hempel, 1963) and is known to vary
seasonally in many species, with the largest eggs produced in the spring at
the coolest temperatures and egg size declining as the season progresses
(Bagenal, 1971; Ware, 1975).

The estimation of days to irreversible starvation has generally been
made from the time of complete yolk absorption, but the time from onset of
feeding provides more insight to survival strategy, as most larvae begin to
feed hefore the yolk is completely exhausted. Herring larvae have a prolonged
period in which thev are capable of feeding but still have volk {Table 1). The
thermal optimum in efticiency of volk utilization is another possible larval
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adaptation to specific environmental conditions, Sea bream larvae retain
more volk at the onset of feeding at 26°C than at other temperatures and thus
have mare volk to sustain them if food is not present (Houde, 1974). Plaice
larvae have a sharply defined thermal optimum in yvolk utilization efticiency
between 6.5°C and 8°C, which if realized could produce larvae 10 percent
larger at the time of first feeding (Rvland and Nichols, 1967).

Spawning Tactics

Eggs of pelagic spawners are often distributed in extremely patchy pat-
terns: 37% of Pacific sardine eggs taken in the vears from 1951 to 1858 oc-
curred in only 0.6% of the samples (Smith, 1973). Helfrich and Allen (1975
found the density of mullet eggs, Crenimugtl creniledis, to be 17 eggs/ at the
surface after sabout one or two seconds of intensive spawning. A high density
of northern anchovy eggs taken in 4 neuston net was 31 eggs:1, corresponding
to a density of 46,000 eggs per 10 square meters of sea surface. which is in the
upper 5% of all samples of anchovy eggs collected with nylon nets (unynib-
lished data, NMFES, Southwest Fisheries Center, La Jolla). Other high egg den-
sities include 31.000 eggs per 10 square meters for Pacitic sardine (Smith,
1973) and 9000 cggs per 10 square meters for Atlantic mackerel (Sette,
1943).

The eggs in such patches gradually disperse; dispersion is more rapid at
the perimeter of the patch, resulting in a denser centrum surrounded by a
less concentrated corona. The horizontal mean distance between neighbor-
ing eggs increases in a patch from one to two centimeters at spawning to
15-20 ¢m in most several-dav-old sardine eggs (Smith, 1973}, 1o northern
anchovy, dispersion of lanvae as measured by the negative binomial K (Llovd.
1967) continues from hatching until the larvae attain a length of about 10
ni, at which time they reach their most dispersed stage and contagion in-
creases thereafter (). Zweifel, unpublished data, NMES, Southwest Fisheries
Cenrier, La Jolla). This change from decreasing to increasing contagion coin-
cides with the time anchovy begin nighthy migrations o the sea surface to fill
their swim bladders (Hunter and sanchez. 1976) and is close to the onset of
schooling, which begins at about 13 mm. Vertical migration may set the
stage for schooling by concentrating larvae near the swface at night and thus
increasing the freguency of social contacts.

Dispersion of larvae could progress to the point where it might influence
onset of schooling or delay formation of schools of viable size. Memidia larvae
reared in isolation took more time to form a school when brought together
than socially reared larvae, and the length of the delay wax propertional to
the period of isolation {(Shaw, 1961). Breder and Jlalpern (1346) showed that
Brachyrdanio rerin larvae reared from the egg in isolation were quite hesitant
fo join a school. Thus, onsct of schooling could be retarded if larvae are dis-
persed to the point where social contacts are infrequent.

Intraspecitic competition and cannibalism also may be affected by ini-
tial spawn density and dispersion rates. Houde (1975) found that growth and
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survival of sea bream decreased rapidly when stocking density exceeded 8
egge/] at food levels of 1500-3000 microcopepodsil. Food concentrations of
100 microcopepods/! did not sustain sea bream larvae except at stock densi-
ties of 2 eggs/). Bay anchovy larvae (Anchou mitchilli} seem to be much less
affected bv stock density (Houde, 1975, 1977). Sibling cannibalism is com-
mon in rearing larvae of large piscivorous fishes such as the scombroids
(Mavo. 1973), but is unreported and presumably rare in clupecid fishes.
Thus. larger and more active larvae seem to be more cannibalistic and com-
petitive for food and possibly better able to find schooling companions be-
cause of faster swimming speeds. Formation of dense patches of eggs and
slow dispersion rates may favor clupeoid larvae, but lower egg densities may
be more favorable to the more active larvae.

Swimming Behavior

Swimming during the volk-sac stage consists of bouls of continuous,
very energetic swimming followed by relatively long periods of rest. This be-
havior appears to be commen in many small marine yolk-suc larvae but has
been described in detail for vnly the northern anchovy (Hunter, 1972: Weihs,
1980). This mode of swimming in anchovv larvae is cnergetically advanta-
geous for volk-sac anchovy larvae because water viscosity is the dominant
factor when larvae are in this stage (low Revnolds number). When larvace
reach 5 mm, the Revnolds number is sufticiently high that beat and glide
swimming becomes the more economical mode (Weihs, 1980).

After conclusion of the volk-sac period. the cruising speed ot larvae be-
cornes of major importance in their feeding ccology, because it affects the
frequency that larvae encounter prey and also accounts for the greatest meta-
bolic expenditure. $wimming of larvae in this period may also ditfer some-
what from adults, due in part to the lack ol mechanical support of the caudal
fin and to the low Revnolds number (Weihs, 1980), Tail-beat amplitude and
tail-beat frequency are continuously modulated in northern anchovy larvae
{Hunter, 1972) and Pacific mackerel larvae (Hunter and Kimbrell. 1980a},
whereas in adult tishes amplitude is nodulated less frequently, except during
accelerations (Hunter and Zweifel, 1971), Because tail-beal frequency is in-
versely proportional to length in fishes (Bainbridge, 19581 Hunter and Zwei-
fel, 1971}, the frequency in earlv lurval stages can be quite high, reaching 50
beats per second in 4-3 mm anchovy and Pacific mackercl larvae. At their
cruising speed, anchovy larvae use a beat and glide mode of swimming simi-
lar to that of adults. This mode of swimming is slow and thereby reduces the
volume of water that can be searched, but it has a high metabolic effi-
ciency—25% in a 14 mm larva (Vliimen, 1974).

Temperature can have a major etfect on activity or cruising speed. Twao
effects of temperature on activity are illustrated in Figure 1 for northern an-
chovy reared to age 12 davs at various temperatures on a diet of Grnirio-
dinium splendens. Temperature atiected the timing of the transition from the
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Figure 1. Effect of temperature on swimming speed and feeding rate of northern an-
chow fed Gymuadinium splendens (mean density 400 cellsml). Points are means,
bars are 2 % standard error of mean, panel numbers are larval age in davs, and
dashed line is a visual reference. Data based on direct visual observation of larvae for
5 min. intervals, Each point average of value for 15 fish in two or more rearing
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Figure 2. Sunmmmq speed of Pacific mackerel, Scomber japonicus, larvac and juven-
iles at 19°C: points are means for five ar more observations: curve fit by eve: and
swimming ‘ipE'F'(‘] of northern anchovy larvae, Engraulis mordar, at 17°C-18°C from
Hunter (1972). Speeds are total distance covered including time spent in rest and
feeding, and M indicates fish length at metamorphosis.

inactive volk-sac stage to the active feeding stage as well as having a direct
effect on activity of older larvae. At age 4 days, negligible feeding activity
occurred in larvae at 15°C or lower, and the speed-temperature relation was
a function of developmental rate. At ages 8-12 davs, all larvac were past this
transition, A direct effect of temperature on activity is evident in the figure.
Cruising speeds increase markedlv over larval life more or less in propor-
tion to length. Blaxter and Staines (1971) observed that the cruising speed of
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herring larvae increased from 20 ¢m/min at the end of volk-sac stage to 80
emvmin 8 weeks later: in pilchard (Sardina pilchardus) speed increased from
10 to 30 crmymin in 3 weeks; in plaice from 10 to 60 crm/min over 7 weeks;
and in sole {Solea solea) from 5 to 40 cmymin over 7 weeks. Thev also nuted
that cruising speeds of flatfish, sole, and plaice dropped by 80% at metamor-
phosis. Similarly, oxvgen consumption of winter flounder, Pseudopleuro-
nectes americanis, was shown by Laurence (1975) to decline sharply at meta-
morphusis.

$pecific comparisons in activity or ssvimming speed from the literature
are difficult to make because of differences in temperature, methodology.
and lack of data on larval size. Data collected in my laboratory on anchovy
and mackerel show that anchovy larvae swim more slowly than mackercl
larvae at all stages ot development (Fig. 2). Such a striking specitic ditference
in cruising speed is diagnostic of major diffcrences in life history tactics be-
cause it implies marked differences in searching abilities and metabolic re-
quirements. For example, at 18°C, anchovy larvae consume 4.5 pl Oymg dry
wtshr, whereas mackerel consume 6.1 pl 0ymg dry wt'hr (Hunter, 1972;
Hunter and Kimbrell, 1980a). The actual difference in metabolic rate be-
tween these species is probably greater because the larvae were confined in
small Warburg flasks which probably reduced the activity.

Blaxter (1969) concluded from his review that cruising speeds ot larval
fishes are on the order of 2-3 body lengths/sec and burst speeds (speeds that
can be maintained for a few seconds) are on the order of 10 body lengths/sec.
The cruising speed of anchovy is close to 1 body lengthysec, and in mackerel it
increases from 2 to 3 during the larval stage. Thus. these two speeds ap-
proach the upper and lower limits of the general range of cruising speeds.

Feeding Behavior

Prev Perception and Recognition

Marine fish larvae are visual feeders. All those studied =o far
herring. and anchovv—lack rods and retinomotor pigment migration during
the tirst weeks or months of life (Blaxter, 1968a, 1968b: O'Connell, 1981),
That feeding is confined to davlight hours is also indicated by stomach con-
tent analysis in other species (Arthur, 1976).

To be perceived. i prev must be relatively near: first-feeding herring lar-
vae react to prev at .7-1.0 body length L (Rosenthal and Hempel, 1970) or
0.41. {Blaxter and Staines. 1971}, plaice at 0.5L, and pilchard at 0.2L (Blaxter
and Staines, 1971). Ninetv-five percent of the prey reacted ta by northern an-
chovy were within 0.4L ot the axis of progression (Hunter, 1972).

It would be unrcasonable to attach much importance to differences be-
tween species among these values. The factors conirolling perceptive ranges
in larval tishes have not been studied. and size of prey was not isolated as a
variable. In adult planktivorous fishes, perceptive distances appear to be a

plaice,
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linear function of prev size { Conter and Blades, 1475). If perceptive distances
increasc with prev size in larvae, this would certainly increase the eftective
searching volume of larvae specializing in such prev. In all these studies. the
authors point out that perceptive ranges increase as larvae grow. Rosenthal
and Hempel (1970) concluded that perceptive ranges in herring larvae also
change with activit level, being greater during slow meandering swimming
and shorter during faster swimming. Thev also state that herring larvae do
not perceive prey which are beneath the plane of the horizental axis of the
body, but this does not appear to be the case for nothern anchovy larvae
(Hunter, 1372},

The stimuli eliciting prev capture have not been studied in larval tishes,
but in adult fishes prev size is usually the strongest factor. with movement
seemning to direct attention of the fish toward the prev (Kislalioglu and Gib-
son, 1976a). Almost all predators which are believed to depend upon prey
movemnent are able 1o detect prev even when it is motionless {Curio, 1976),
The frequent occurrence of copepod eggs and other nonmotile foods in the
stomachs of field-caught larvae and Artemia eggs and other nonmotile foods
in laboratorv-reared larvae (May. 1970) clearly shows that moevement is not
essential in many species. Prey size selection so dominates selection patterns
in larval ish thar it is difficult to evaluate the role of other prev characteris-
tics such as spines and other protective structures, color. or aveidance behav-
ior. Bowers and Williamson (1931) concluded that some copepods with spiny
appendages, such as Acartia, occur in the stomachs of herring lamvae less
frequentlv than would be expected from their abundance in the plankton,
and Arthur (1976) suggested that jiack mackerel mav select the more brightly
colored copepads such as Microsetella, which occur in their stomachs in
greater abundance than seen in the plankton. It would be ot considerable
interest to study such characteristics under controlled laboratory conditions
from the standpoint of both larval feeding ecology and copepod evolution.

Motor Patterns

Upon sighting a prev. a clupeoid larva forms a sinnous poesture and ad-
vances toward the prev by sculling the pectoral tins and undulating the fin-
fold while maintaining the body in the S-posture. When the prey is a short
distance trom the snout. the Luva opens its mouth, straightens its hody to
drive forward. and enguifs the prev (Breder and Krumholz, 1943; Rosenthal
and Hempel. 1970: Hunter, 1972). Larvae of plaice. Plewronectes platessoa (Ri-
lev, 1966}, and nurthern sennet. Sphyreena borealis (Houde, 1972), and other
fishes are also reported to form a sinuous feeding posture, but the behavior
has been studied in detail only for clupeoids and for the freshwater coregonid
larvae, Coregonus wartmanni (Braum. 1967}, and cjuite possibly ditferences
exist among species.

Mackerel larvae, Scomber japonicus, feed in a manner more tvpical of
the attack of many adult fishes. Upon sighting a prev, the larva advances
toward the prev, stops, draws back the tail. and holds it in a slightly recurved
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high amplitude pesition (the C-start position of Webb, 1978). The rest of the
body is straight; feeding is accomplished by opening the mouth and driving
the tail posteriorly. Presumably many other larvae of similar robust body
form feed in this way.

Anchovy larvae often form and reform the 8-posture while maintaining
their orientation to a moving prey; but myv observations indicate that, once
the strike is made, anchovy larvae rarely strike again at the same prey. Mack-
erel larvae, on the other hand, frequently strike two or more fimes at the
same prey if the preceding strike was unsuccessful. Mackerel larvae often
reposition for the second strike by moving backward: anchovy and other clu-
peoid fishes do not appear to have this maneuverability (Blaxter and Staines,
1971). Large prey are more difficult to capture and are less abundant in the
sea; consequently, persistence in a feeding attack as exhibited by mackerel
may be an essential characteristic of a species whose strategv depends on
larger prey.

Webb (Paul Webb, University of Michigan, Ann Arbor, unpublished
data) described in detail the starting postures of feeding pike and large-
mouth bass. He concluded that pike, which use an S-start as do anchovy lar-
vae, are less persistent in the attack and strike at higher speeds and at shorter
range than do bass, which use a C-start. The parallels between his observa-
tions and ours on mackerel and anchovy larvae seern obvious.

The time spent poised in a striking posture in anchovy larvae is much
longer at the time of first feeding than in later larval life, and gradually the
strike becomes integrated with swimming movements; the duration of com-
plete feeding acts declines from 1.5-2.0 seconds to about 0.6 seconds when
larvae reach 17 mm, and relative speed of the strike alse declines (Hunter,
1972). The poised stereotyped striking posture (C- or S-starting position)
seems to be a common tendency in voung larvac and becomes integrated into
swimming movements as the larva grows, and suggests that it may be an
adaptation to feeding on relatively large and fast prey. As will be shown sub-
sequently, voung anchovy larvae feed on much larger prey relative to their
size than do clder larvae.

Handling times are negligible when copepods and other small zooplank-
ton are prey because the prev are engulfed by the mouth instantaneously.
Piscivorous fish larvae manipulate their prey, and consequently handling
times increase with prev size as is the case for adult fishes (Kislalioglu and
Gibson, 1976h). The appearance of piscivorous habits requires development
of a new set of motar patterns associated with grasping prey and presence of
a sufficient number of teeth to accomplish this end. Larvae of the northern
sennet, Sphyraena borealis, usually seize other larvae crosswise and, by a suc-
cessive series of head shakes, move the grasp to either the head or the tail.
Then without losing grip, the prey is swallowed head or tail first (Houde,
1972). Houde observed that newly hatched fish larvae were eaten by sennets
at age 10 days and were the preferred food of sennets 9 mm and longer. I
observed the same behavior in the Pacific barracuda, Sphyraenc argentea,
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feeding on siblings in a rearing tank. In this case, piscivorous feeding began
at age 5 davs when larvae were only 4.4 mm. Pacific mackerel larvae become
piscivorous when thev reach 10 mm. They also seize other larvae from the
side, carry them crosswise in the mouth, periodica]ly release the prev, and
grasp it again unti! it dies. Then they release it and ingest it, usuallv head
first.

Feeding Success

Feeding success of fish larvae is often low at the onset of feeding. Esti-
mates for herring are 6% (Rosenthal and Hempel, 1970) and 2%—-6% (Blaxter
and Staines, 1971), for coregonid larvae 3%-5% (Braum, 1967), and for
northern anchovy 10% (Hunter, 1972}, Feeding success gradually increases,
reaching 90% in about 3 weeks in anchovy {Hunter, 1972) and in about 7
weeks in herring (Blaxter and Staines, 1971). In contrast to these species,
plaice larvae capture 32%—62% of prey attacked at the onset of feeding (Blax-
ter and Staines, 1971}, and the relatively large larvae of Belone belone (12
mm) capture 60%-100%, depending on prey type (Rosenthal and Fonds,
1973).

Blaxter and $taines (1971) suggest that the initially high success of plaice
larvae may be due to increased maneuverability of plaice relative to herring
and to their abilitv to swim backwards. Feeding success of” anchovy larvae
dropped from B0% to 40% at age 17 days when the prey was changed from
Bruchionus to Artemia nauplii, but in 2 days their success increased to the
former level (Hunter, 1972). Changes in mouth size or other developmental
changes could not occur so rapidly, thus the difference appears to be attrib-
utable to experience.

Searching Behavior

Food density requirements have been estimated from behavioral search
models of the basic form outlined by Ivlev (1960). These models in their sim-
plest form require an estimate of ration, swimming speed, perceptive field,
and feeding success, with many other parameters added as complexity in-
creases. These models range in complexity from the simple models of Rosen-
thal and Hempel (1970), Blaxter and Staines (1971), and Hunter (1972),
where only basic parameters are considered, to the increasingly complex
models of Jones and Hall (1974) and—the most complex to date—Viymen
(1977). Vlymen's model is the only one that does not assume a random
search pattern and that addresses the problem of a contagious food distribu-
tion. In his model the larvae have no eftect on food density, and the model
does not use a prev-size-dependent modulation of perceptive field and teed-
ing success. All such models are extremely sensitive to assurnptions regarding
the perceptive field and swimming speed and to the accuracy of these mea-
surements. For example, Blaxter and Staines {1971} cstimated that the
searching abilities of herring larvae increasc from 0.1 to 2.4 I/hr over 8 weeks,
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whereas Rosenthal and Hempel (1970) estimated they increase from 1.5 1 to
about 10 Fhr in 10 weeks. The major difference in these results is in the dif-
ferences in perceptive distances and rates of swimming (Blaxter and Staines,
1971). It would seem to be of value to use such madels to set up hypotheses
that could be tested in the laberatory or at sea.

Owing to these problems and to ettects of temperature, specific compar-
isons are difficult, but these estimates do suggest that the volume searched by
young larvae is often quite small: pilchard (5-7 mm) search 0.1-0.2 I'hr,
plaice (6-10 mm) search 0.1-1.8 Vhr {Blaxter and Staines, 1971}, and an-
chovy (6-10 mm) search 0.1-1.0 Vhr (Hunter, 1972). All studies show that
searching abilitics increase markedly with growth, since speed. capture suc-
cess rates, and perceptive distances are tunctions of length or age.

In the two cases studied, search patterns in larval fishes were nonran-
dom. Larval anchovy decrease their speed and change their turning probabil-
ities when thev enter a dense patch of food. The probability of making a
complete reversal in direction increased from 00.04-0.05 at low food densities
to 0.23 in dense patches ot Gymuodiniun and to 0.07 in patches of Bra-
chionis (1unter and Thomas, 1974). Wyatt (1972) showed that the ume
plaice spent swimming increases with a decrease in food density. Similar
nonrandom search patterns have been deseribed for adult fishes (Kleerekoper
et al.. 1970 Beukerna. 1968).

Prev

Prey Type

Naupliar through adult stages of copepods are the typical tood of most
marine {ish larvae studied to date. Some notable exceptions to this rule exist:
in the North Sea in normal vears. the food of plaice lirvae consists mostly of
the appendicularian Oikopleura dioica {(Shelbourne. 1962}, and larval fishes
mav be a common item in the diet of the more piscivorous larvae. Larvae are
commenly eaten by larval Pacific barracuda (Ahlstrom, personal communi-
cation. NMFS, Southwest Fisheries Center, La Jolla) and blue marlin, M-
kerira ridsriceons LGorbunova and Lipskava, 1975); and judging by high inci-
dences of cannibalism under rearing conditions, they may be frequently
eaten by manyv scombroid larvae (Mavo, 1973). Blue marlin larvae begin
feeding on fish larvac at 6 mm, and they become the principal food by 12
mm (Gorbunova and Lipskava, 1973). Under rearing conditions. the scom-
broid ishes, Euthuminus alletteratus, Scomberomorus cavalla. Scomberomorus
regalis, and Awris become cannibalistic at about 5 mun (Mavo, 1973). Scom-
ber jupornicus at 10 mun. and Sphyraena eogentea at 4.4 mm (Ilunter, unpub-
lished data). Under agquarium conditions. sibling cannibalism appears to end
as scombroid fishes become juveniles and begin schooling (Mayvo, 19731 Cle-
mens, 1956: Hunter and Kimbrell, 1980a).

Larvae tend to be more curvphagous during the carliest stages and often
eat such organisins as tintinnids, phyvtoplankton, mollusk larvae, and ciliates
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as well as copepods (Arthur, 1976; Bowers and Williamson, 1951; Lebour,
1921; and Rojas de Mendiola, 1974}. Phvtoplankton, often identified as green
remains, is relatively common in the stomachs of clupeoid larvae at about
the time of first feeding but is uncommon soon after. In general, the use of
phvtoplankton in laboratory rearing studies as a sole source of food for first-
feeding larvae has been unsuccessful (May, 1970}. Northern anchovy, on the
other hand, are able to subsist on a dict of the dinoflagellate Gymnodinium
splendens for up to 20 days, but at a greatly depressed growth rate (Lasker et
al.. 1970: Theilacker and McMaster, 1971). Anchovy will feed on a variety of
dinoflagellates, Grmnodinium, Gonpaulax, Prorocentrum, and Peridinium,
but not small flagellates, Chlamydomonas, Dunaliella, nor diatoms, Ditylum,
Chaetoceros, Thalussiosira, and Leptocylindrus (Scura and Jerde, 1977}, That
larvae fed Gonvaular {40 pm diameter) did not survive, whereas those fed
Gymnodinium (30 pm diameter} did, led Scura and Jerde to conclude that it
is the small size of Gonvaidar which makes it an inadequate food. Using the
same line of reasoning, it seems doubttul that any of the other dinoflagellates
thev studied would support growth because they are even smaller in diame-
ter.

The tendency for larvae to feed upon a greater variety of organisms in
early larval life and subsequent specialization in stages of copepods may sim-
ply be due to the existence in the sea of a greater variety of small organisms of
the proper size. The ability to subsist on the relatively small organisms such
as dinoflagellates may be restricted to larvae of relatively modest cnergy de-
mand, such as the northern anchovv, Le., a larva of relatively low initial
weight, low activity, existent in cool water.

Prev Size

Size dominates prey selection patterns of larval fishes and is one of the
best diagnostic characteristics for evaluating specific ecological roles. The
critical dimension for ingestion of copepuods and other oblong prey is the
maximum width including appendages (Blaxter, 1965; Arthur, 1976). Evi-
dence for this is based on the fact that copepods frequently found in the
stomachs ot larval tishes are too large to be ingested if length were the critical
factor ( Blaxter, 1965; Hunter, 1977). Copepads are usually found in the stom-
achs of clupeoid larvae with antennac folded back along the body (Blaxter,
1965). Blaxter goes on to say that copepods with antennae folded in such a
way are probably the only ones rthat are captured successfully. Inclusion of
the appendages increascs the maximum width of adult and copepodite
stages by about 49% in Pareuchacta, and 25% in Calanus, Pseudocalanus.,
Acartia, Microcalanus, and Metridia, but has a negligible effect in Temora,
Oithonea, Oncaea, and Microsetella (Wiborg, 1948a).

The increase in size of prev selected by marine fish larvae as they grow is
well documented in the literature and occurs in every species studied. Ofien,
prev length or life stage was used as a measure of size rather than the more
informative measurernent of maximum prev width. A striking feature of
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46



Feeding Ecology/Predation

these data is the consistency of trends among related species and groups (Fig,.
3). The small clupeoid larvae, Sardinops, Engraulis, Harengula, consistently
feed on small prey of the order of 50-200 pwm width; both species of Tra-
churus show a tendency for a marked increase in the range of food sizes
eaten with length, and Scomber show a somewhat similar trend. In the three
engraulid species, there appears to be a consistent tendency for a marked
increase in the range of prey eaten between 8 and 12 mm. Hake larvae, Mer-
luccius, begin feeding on much larger foods than the rest, with onlv a slow
increase in average prey size. Ciechomski and Weiss (1974) point out that
hake begin feeding on advanced copepodite and adult stages of copepods.

The consistency of these trends from different localities and species
stronglv suggests that these patterns are the result of positive size selection
inherent in species or specific ecological groups of larvae. Stepien (1976)
demonstrated that sea bream larvae select foods by size, with a slight posi-
tive electivity for prey of 100-200 pm width in larvae 4-5 mm and a stronger
positive electivity for prev 200-300 pm in larvae 7-9 mm. The difference
between sea bream and the two clupecid larvae in the tigure may be more
marked under natural conditions, because the food size preference of sea
bream increases faster than the increase in size of the foed in the rearing
tanks.

Except for hake, specitic differences are less marked at the onset of feed-
ing, with all larvae feeding on prey of 50-100 wm width, altheugh jack mack-
ere] take much larger foods as well. Houde (1973) remarks that organisms
50-100 pm are caten by a great variety of larvae at this time, including those
with relatively large mouths such as the tunas and flatfishes. Arthur (1977)
estimated the naupliar biomass in the California Current systern and ex-
pressed it in terms of naupliar width. The naupliar biomass was at a maxi-
mum between 50 and 80 pm of naupliar width and declined sharplv on ci-
ther side even though there were manv more nauplii of smaller sizes. He
points out that the food size ranges of first-feeding Pacific sardine, northern
anchovy, and jack mackerel all overlap the naupliar biomass maximum, and
it appears that the feeding range of many other larvae do so as well.

Larvae in the above comparisons are relatively the same size at onsct of
feeding and hatch from relativelv small eggs. Larvae from large eggs, for ex-
ample exocetid larvae and saury {Cololabis saira), are -7 mm at first feed-
ing and feed on a range of prey equivalent 1o that of older jack mackerel or
Scomber of about the same size (Yokota et al., 1961). None of the species in
Figure 3, other than hake, could eat newly hatched Arternia nauplii at the
onset of feeding, but rearing studies reviewed by Mav (1970) indicate that
plaice larvae, two species of Fundulus, a species of Sebastes, twao cottid spe-
cies, four species of atherinids, Aulorhpnchus flavidus, and Fugu pardalis
feed successfully on Artemia nauplii at the onset of feeding. Many of these
species have large eggs, again emphasizing the importance of the maternal
contribution in the feeding tactics of some larvae.

An additional feature of importance in these records is the slow increase
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50¢% of the larae ingested one or more preys estlimates taken from probir lines given
in upper panel; and bars are the 95% confidence intervals for the estimate. Density of
prev in the experiments were: Brachionus 9:ml: Arternice 10, ml: and Engraulis cgys
101,

in the minimum size of prey eaten in all specics. The effect of this is to
greatly expand the prey range in larvac that select larger prey, and this has
important energetic consequences. In summary, marine larvae select foods
of increasingly larger size as they grow, but the average and range of sizes
selected differ greatly umong species and mav be diagnostic of specific eco-
logical roles.
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Fisure 5. Relation between mouth width and larval length ot hake, Merlueeites merfue-
riits, trom Ciechomski amd Weiss 019740 cods Greedos miorfuae, rom Wiborg (194800
Pacitic mackerel (Seommber japoniens] trom Hunter and Kimbrell (1980a) and three
specics ol anchovy, Engravdis anchoite trom Ciechonski and Weiss (19741 Enaondis
miewrefon trom Hunter (1077 ) and Engrardis ringens from Rojas de Meodiola (18741

Effect of Mouth Size

The size of the mouth and the rate it changes with length must be par-
dally responsible for specitic differences in food size selection. shirota (1970)
measured the gupe of the mouth of 33 species of marine and freshwater lar-
val fishes and correlated them with the size of natural foods and grovwth
rates, and concluded that lamvae with smaller mouths grow more slowly than
thnse with larger ones. Blaxter (1965) showed that difterences in gape of the
mouth exist between different races of herring and concluded that these dii-
ferences could be of great significance in early survival.

Mouth size would be expected 1o set the upper size limit for prey. To
define this relationship, Hunter (1977) and Hunter and Kimbrell (1980a} de-
termined for anchovy and Pacitic mackerel the mouth size threshold tor vari-
ous prev. In these experiments. larvae were exposed to high densities of
single prev—hrachionus, Arterntic nauplii, or anchovy eggs—tor 2--4 hours,
and the proportion of larvae that captured ene or more prey was tabulated
by mouth size classes, None of the larvae tested had any previous experience
with the particular prev. The width of the mouth was closely correlated with
the ability to capture these prev (Fig, 4). The tisst incidence of freding oc-
curred when the ratio of preyv width to mouth width was close to unity with
Artemicr or anchovy eggs as the prev. In the case of Brachionus, it was lower
{0.63}. which mayv have been caused by the fact that first-feeding anchovy
larvae were used in this experiment to avoid the effect of rapid improvement
of success that occurs vver the first fow dayvs,

These experiments indicated that. on the average, 50% of larval anchovy
or mackere] were capable ot feeding on these prev when the prev width (v
maouth width ratio was 0.76. The width of the mouth provided a good indica-
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Figure 6, Left panel, relation between copepod width and dry weight texcluding nau-
pliar stages) calculated from data given by Gruzov and Alekseyeva (1970}, Right pa-
nel. relation between number of prev per ml int the sea and prev width, recaleulated
from Vlymen (1977).

tion of the size of prey a larva is capable of ingesting. Mouth gape was also
measured, but width was preferred because it can be measured with greater
accuracy. A difterent relation could be expected for piscivorous feeding or
when ingestion involved manipulation of the prey because larvae are capable
of greatlv expanding their mouths under these circumstances. The gape of
the mouth would be expected to be related to handling time in this case (Kis-
lalioglu and Gibson, 1976b).

'These thresholds are of interest because they indicate how feeding suc-
cess is affected by prey size. They also show that preyv are caten “end first”
hecause at the lowest success levels the prey can be ingested in no other way.
Many of the trends in size selection of prev discussed in the previous section
are also suggested by the relationship between mouth width and length. The
mouth sizes of the three engraulid species are similar to each other and differ
markedly from those of the other species (Fig. 5). The mouth widths of all
species but hake are somewhat similar in the beginning, but differences in-
crease greatly with growth. Hake stands out as being distinctly different from
the rest trom the onset of feeding.

'The sharp increase in food size that occurs in the engraulids between 8
and 12 mm occurs at a time anchovy become highly proficient in capturing
Artemiz nauplii, and the increase in prey size is to one of that diameter. No
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Figure 7. Laboratory growth rates using various foods of Scomber japonicus at 2200
from Hunter and Kimbrell (1980), and of Engracdis morday at 16°C from Hunter
(1977). Caloric values of prey were: Gyawrodiniom U.00005 cali Brachionus U008 cal:
and Artermnia 0.0096 cal,

evidence exists from mouth size information te explain the leveling of food
size that occurs thereafler despite the fact that the mouth continues to grow.
It seems reasonable to assume larger prev would be eaten if the oppoertunitv
existed. Thus, other limits must be imposed; one such limit may be the slow
swimming speed of engraulid larvae.

Nutritive Value of Prey of Different Sizes

The nutritive value of larger prev can be illustrated by considering the
relation between width of copepods and their weight. Gruzov and Alekseveva
(1970) give a wet weight to length conversion for a group of copepods includ-
ing species in Calanidae, Paracalanidae, Pscudocalanidae, and other families
having a cephalotherax length-to-width ratio ranging from 2.0 te 2.8. I trans-
formed their data to show drv weight as a function of cephalothorax width
by using the midpaint of their width ratio (2.4) and assuming a water con-
tent of 87% (Lovegrove, 1966). This calculation indicated that an increase of
2.5 in copepod width produces an erder of magnitude increase in dry weight.
Thus. a larva feeding on copepodites 200 m wide would have to capture ten
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times the number of prey to obtain the same ration as one feeding on cope-
pods 500 pm wide (Fig. 6). The effect of a slight increase in width of prev
caten is more marked if the change from feeding on nauplii to copepodites is
considered. The change in body width of Calanus from nauplius VI to cope-
podite 1 is slight even when appendages are included in the measurement
(Wiborg, 1948a), but the drv weight doubles. In Calanus helgolundicus, the
drv weight of N.V1 is 2.0 ug and that of C.1is 4.3 g (Paffenhdfer, 1971). The
well-known seasonal and regional variation in copepod weight (Marshall and
Orr, 1955; Gruzov and Alekseyeva, 1970) should be considered in any study
of food size relations in larval fishes.

The necessity for increasing prey size with growth is illustrated by com-
paring growth rates of larval anchovy (Hunter. 1977) and Pacitic mackerel
fed different foods (Fig. 7). When anchovy are fed Gymnodinium alome,
growth becomes asvmptotic at about 6 mm, whereas when Gymnodinium
and the rotifer Brachionus plicatilis are used, growth becomes asymptotic at
about 20 mun and few larvae survive (survival drops from 46% at age 26 to
6% at age 42 days). Similarly, Pacific mackerel growth slows on a diet of only
Brachionus, and few survive bevond 8 mm at age 15 davs. Howell {1973} was
able to grow plaice larvae through metamorphosis on Brachionus alone, but
at a much slower growth rate than when Artermia was used, indicating that
some species are able to grow through metamorphosis on rather small prey,
but at a depressed growth rate.

Vlymen {unpublished data, NMFS, Southwest Fisheries Center, La Jolla}
estimated for larval anchovy the minimum caloric vaiue of prey required to
meet energetic needs for parameters in his 1977 paper. The model uscs a 12-
hour teeding dav, a terperature of 17°C, and the maximum feeding rate ob-
served in the laboratory {gbout 10 attacks per minute). Gut capacity was not
included, and consequently the limit was sct by the maximum feeding rate.
To calculate the minimum caloric value of prev necessary to meel energy
needs, Vlymen used the model

E, + E, + E, + E, = 048R

where:
E, = (5.10 X 10~ ?) L3337 (the basic metabolic rate in calories,
where L = length in cm);
E, = 0.19 L1 (the total energy cost of swimming};
E, = (.05 L4 (the total energy cost of feeding attacks at
maximum rale during a 12-hour dav);
E, = 0.29R {the energy cost of mechanically processing food,

intestinal propulsion, etc,}: and

W
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0.48R = the proportion of the ration R available for encrgetic needs.
The ration at the maximum attack rate was
R=(712 x 108 C X §

where 7.12 X 104 is the total number of attacks at the maximum rate in a
day of feeding, C is calories per prey, and § is success of capture. By substitu-
tion he obtained

(3.78 X 10-5) 1338 + (1.77 X 10-4) L+ = C X 5.

The success of capture (8) is a funetion of age, not length, and is described by
the function § = 93.2 log,, T — 33.3, where T is larval age in davs. To obtain
the minimum caloric value of prev for Jarvae of various lengths. ages at spe-
citic lengths were obtained from laboratory growth rates (Hunter, 1976). The
origin of the data and the derivation of the parameters used in this model are
described by Vlvinen {(1977).

His results are reasonably close to those described above from rearing
work. The model predicts no growth beyond a length of 6 mm on prey having
a caloric value of Gymnodinium and none bevond 14 mm for Brachionus
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Figare 9. Width of foods eaten in the sea by Pacific mackerel larvae of various stan-
dard lengths. Each small point is the width of a single prev; larger points represent
multiple points for prey of the same size and number observations. Dashed lines fndi-
cate the prev width cqual to 20%-80% of the mouth wicth, nr equal to the mouth
width (100%), for mackerel larvac of 3-16 mm.
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Table 2. Average? densities of microcopepods in the sea.

Average density of
microcapepods
{numbwer per liter)

nauplii copepadites  total Location
OPEN 13 2 15 Southeast Coast of Kyushuh
SEA 22 36 58¢ California Current®
40) 5 45¢ Southern California near shore®
27 7 Jaf Eastern Tropical Pacific®
36 1 37 California Currenth
PARTLY 76 149 95 Azov Sea
ENCLOSED — — 223 Gulf of Taganrog

4 Mean for all stations and years given in publication listed in fable.

b Yokota et al. {1961)

< Includes all copepods passing 202 wm mesh net.

d Beers & Stewart (1967)

¢ Beers & Stewart (1970)

¢ [ncludes all copepods passing 202 pm mesh net and caught on 35 um mesh.

¥ Beers & Stewart (1971)

b Arthur (1977)

' Duka (1969)

i Defined as food of Clupeonella delicatula; microcopepods account for over 90% of
items eaten (Mikhman, 1969).

k pikhman (1969}

(Fig. 8). Thus the lower size limit of prey, at least over the first few weeks of
feeding, appears to be set by metabolic relations, whereas the upper limit is
controlled by mouth size.

In the sea, many more small prey are eaten than large ones, even in large
prev specialists such as Pacific mackerel larvae. Stomach contents of Pacific
mackerel from the sea illustrate this point. The mean diameter of prev eaten
by these larvae was about 40% of their mouth width (solid line, Fig. 9), al-
though they were able occasionally to eat prey as wide as their mouth
(Hunter and Kimbrell, 1980a). If one assumes the prey in Figure 9 to be
spherical, which underestimates the size of the larger prev. the small prev
that contributed 50% by number contributed only 10%-15% of the total vol-
ume of prey eaten. Thus the retatively large and rare prey probably make the
major contribution to growth despite the fact that many more small prey are
eaten.

Prey Abundance and Density Requirements

The density of particles in the sea declines rapidlv with increasing size or
diameter of the particle {Sheldon et al., 1972; Sheldon and Parsons, 1967).
Such a relationship was presented by Vlymen (1977) for particle size distri-
bution from Niskin casts measured with a Coulter Counter by Richard Eppley

w
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Tabic 3. Food densitv thresholds for six species of marine fish larvae.

Survival at various
Stock {tud densities
5 P CCTIsItes

Container
Species and volurme  Duration density  Density Percent
COMITION [1ame (liters) {days) Food type (No./ L) (NosL) survival
PLAICE=
Pleuronectes platessa a i4 Artemia 50 1,000 T
naupiii (larvae) 500 72
200 o4
100 32
NORTHERN ANCHOQVY*
Engraulis mordor 10.8 12 Wild zoo- 10 4,000 51
planktun (eggs) 800 12
(nauplii) 90 0.5
9 0
BAY ANCHOVYd
Anchoa mitichilli 76 16 Wild zao- 0.5-2 4,700 65
plankton {eges) 1,800 50
(nauplii- 110 10
copepodites )t 60 5
30 1
SEA BREAM
Archosargus rhomboidalis 76 0.5-2  2600¢ 75
(eggs) 890 50
130 10
90 3
a0 1
LINED} SOLE
Achirus lineatus 38 0.5-2 610 75
{eges) 220 5o
30 1y
20 3
9 1
HADDOQCK#
Melunogrammus aedefirius 37.8 42 Wild zoo- gh 3,000 39
plankton  ({larvac} 1,000 22
{(nauplii) 500 3
100 0
10 0

 Wyatt (1972),
b Survival was 100% at 50/L for first 7 days without 4 decrement in lengthi see also Riley (1966).
¢ O'Connell and Raymond (1970).

9 Houde (1978},

© Estimated tood density for indicated survival levels.

f Plankton blooms of Chlorelia sp. and Anacystis sp. maintained in redring tanks.

% Laurence (1974).

h Estimated by adjusting for hatching suceess.
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(Scripps Institution of Oceanography, University of California San Diego, La
Jolla) (Fig. 6). Sheldon et al. {1972) pointed out that roughly similar amounts
of organic material exist in logarithmically equal size intervals in any water
mass; hence, in any sample, many more small particles exist than large ones.
This implies that to feed on larger prey, a larva must search a much greater
volume of water, and it also may explain why the minimum and average
prey sizes change slowly in larvae that sclect larger prey.

‘The denstty of particles in the size range relevant to larval marine fishes
has been studied by a number of workers. Their results have been reviewed
by Blaxter (1965), May (1974), and Arthur (1977) and are presented here in
Table 2. These studies indicate that average density in the open sea is 1340
naupliil and typically 1-7 copepodites/1. On the other hand, in enclosed
areas such as lagoons, bays, and estuaries, much higher densities are found.
Average densities in these areas of naupliar and postnaupliar stages com-
bined can exceed 200/1.

Larval fishes have been maintained in the laboratory at various food
densities to determine the density of prey required for survival. Some of these
density experiments are surnmarized in Table 3. Most indicate that a prey
density of 1,00(~4,000 microcopepods/1 is required for high survival rates in
the laboratory. These results agree in general with what has become stan-
dard rearing practice in recent years; in such techniques, the highest densi-
ties are used initiallv and are subsequently reduced to about 1,000/ (Houde,
1973). Much higher densities are required for very small prey such as phyto-
plankton. Lasker (1975} found that anchovy larvae required 5,000-20,000
Gymnodinium splendens cells/l at 19°C and 20,000 or more at 14°C for signifi-
cant feeding to occur. Standard rearing practice for northern anchowy re-
quires 100,000 or more Gymnodinium cells/1 (Hunter, 1976b), whereas 1,000
microcopepods/l appear to be adequate (O'Connell and Raymond, 1970).

Density thresholds determined by Houde (1975, 1977, 1978) are
markedly lower than those of the others listed in the table and are substan-
tiallv below thase used for routine rearing of larval fishes. Houde attributes
his Jower thresholds to use of lower stocking densities, general improvement
in culture techniques, and frequent daily monitoring and adjustment of food
density. He also maintains a dense phytoplankton bloom in his containers,
which may also contribute in some way to higher survival. Of particular in-
terest is the very low threshold determined for sea bream, emphasizing the
importance of specific feeding tactics. This species sclects larger prey (Step-
ien, 1976) than the other species studied by Houde and, judging by the den-
sity threshold, is much more efficient in finding and catching prey.

In general the density thresholds determined for larvae in the laboratory
are much higher than average microcopepod densities in the open sea, de-
scribed in the preceding section. On the other hand, the high microcopepod
densities in enclosed areas are within the range that Houde (1975, 1977)
found to support survival and growth, Thus food may not be as critical for
species such as those he studied, which exist in enclosed areas. Many prob-
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lems exist in interpreting laboratory findings and extending them to field
conditions. The interactions of stock density, food density, and mortality are
problems which may be overcome to some extent by use af low stocking den-
sities and frequent monitoring of food density. Changes in ration with devel-
opment and prey size distributions in the tank are also critical, The few lar.
vae that survive at very low prey densities may be those that captured, either
by good fortune or because of a larger mouth, the few larger prev in the
container. Selection of the appropriate criteria also poses problems. Growth
as well as survival declines with food avatlability; this is evident in all the
food density studies cited but perhaps best illustrated by Riley (1966), Whratt
(1972), and Houde (1975, 1977). Reduction of growth may be nearly as fethal
as starvation because of the increased exposure to predation.

Patchiness

The disparity between most estimates of food densities required by lar-
vae and average densities in the open sea has led to the hypothesis that larvac
may be dependent on small-scale patchiness of food. In the sea, large-scale
sampling will always tend toward the mean concentration between such
patches. Data collected by Yokota et al. (1961) on naupliar abundance pro-
vide one of the better examples of patchiness of larval forage because the
samples were taken on a scale relevant to larval scarching behavier. They
counted all the nauplii occurring in one-liter samples taken at the surface
from an area off the southeast coast of Kvushu over two vears. The average
naupliar density for their 4,730 samples was 13/1. The greatest number in a
single sample was 524, and only 2% of the samples accounted for over 20% of
the nauplii,

Laboratory experiments on searching behavior discussed previously in-
dicate that larva have the ability to remain in patches of fool if thev find
them. The search model of Vlymen (1977) indicated that the average an-
chovy larva could not exist in the sea if food were distributed randomly. He
concluded that first-feeding anchovy larvae require a tood contagion of K =
0.17, where K is the negative binomial, just to mect minimum energy re-
quirements. To meet minimum requirements, therefore, prev would have to
be 1.3 times as “crowded" as they are on the average, if the population had a
random distribution {Llovd, 1967).

Lasker (1975) tested the patchiness hypothesis by exposing anchovy lar-
vae to samples of water taken from the surface and from the chlorophyll
maximum luvers usually 15-30 m below the surface. Feeding by larvae was
minimal in samples taken from the surface, but extensive teeding occurred in
water from the chlorophyll maximum layer when these samples contained
prev of about 400 pm at densifies of 20,600-400,000 prev/1. The prey were
primarily the phytoplankter Gymnodiniun: splendens; microcopepuds were
never at high enough densities to be vaten by the larvae. Houde and Schekter
(1978) exposed sea bream to simulated patch conditions in the laboratory by
increasing the concentration of tmicrocopepods to 5004 for periods of 2-13

58



Feeding Ecology/Predation

hours per day from a background density of 25-50/1. They found that sur-
vival at 10 days afier hatching of larvae exposed to only three hours of foad at
500/1 was similar to that of larvae fed at a constant 3001, Thus, even very
short-term patchiness could enhance survival in this species. Lasker (1975)
has considered a much broader time scale; the bloom of Gymnodinium had
persisted for at least 18 days until a storm obliterated the chlorophyll maxi-
mum laver. His measurements after the storm iridicated that the density of
food was insuflicient tor feeding,

If patchiness of food is a key to larval survival in the open sea, one could
expect survival and growth ot larvae to show considerable small-scale patchi-
ness within the species spawning region. Present evidence for northern an-
chovy larvae supports this view. (¥Connell (1981) measured the incidence of
starvation of larval anchovy in the sea using histological technicues that had
been calibrated by starving larvae in the laboratory (O'Connell, 1976). He
found that 8% of larval anchovy in the Los Angeles Bight in March were in
poor histological condition, indicating that death from starvation was immi-
nent. For larvae of the size he studied (about 8 mm SL) this could represent
about 40% of the daily rate of mortalitv. Of great importance to this discus-
sion is the high variability that existed in the condition of larvae accurring in
different tows, In some tows, 60% of the larvae were starving, vet all larvae in
tows taken a few nautical miles away were in excellent condition. Thus as
much variability in starvation existed within a few nautical miles as existed
over the entire Los Angeles Bight. Similarly, Methot and Kramer (1979) tound
as great a difference in growth of anchovy larvae (estimated from daily incre-
ments of otoliths) in samples taken a few nautical miles apart as among all
samples taken in the Bight area. Thus larval foods, larval growth, and starva-
tion all appear to exhibit small-scale patchiness. It may be the summation of
such small-scale events over time and space that ultimately determines the
success of a year class,
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Predation

Little literature exists that is concerned specifically with predation on
pelagic egg and larval stages of marine fishes. Many species within the major
groups of pelagic invertebrates, including Medusae, Siphomedusae, Cteno-
phora, Chaetognatha, Cephalapoda, hyperiid amphipods, euphausiids, and
carnivorous calanoid copepods, as well as pelagic fishes, have been reported
to feed on the eggs and larvae of marine fishes. That predation exists is amply
documented by tfood habit studies of organisms in these groups as well as by
some aquarium observations, but most studies give no indication that the
predation by a species is a significant part of natural larval mortality. The
records of egg and larval predation are drawn primarily from general de-
scriptions of food habits of the predators, and incidence of predation is often
summarized without regard to the seasonal changes in larval and egg abun-
dance. On the other hand, these studies indicate that larval fishes and eggs
typically constitute a small and highly variable proportion of the foods usu-
ally eaten.

Estimates of mortality of egg and yolk-sac stages indicate that predation
must be very high. Starvation can be eliminated as a source of mortality in
these stages because larvae subsist on their volk. Losses range from 10% to
95% per day and typically are 30%—40% (Jones and Hall, 1974; Vladimirov,
1975; Riley, 1974]. Although predation is possibly the largest sourcc of mor-
tality in larval fishes, it remains at present largelv undocuumented.

In this lecture I will first discuss characteristics of the behavior of the
parents and the larvae that affect vulnerability to predation and then con-
sider the evidence for effects of specitic marine predators. I restrict my pre-
sentation to predation in the pelagic realm, recognizing that predation on
demersal eggs of marine fishes is often a major source of mortality. The lar-
vae of many demersal spawners are pelagic, however, and may encounter the
same groups of predators as those of pelagic spawners.

Factors Affecting Vulnerability

Parental Behavior

The spawning behavior of the parents affects the vulnerability of pelagic
eggs and larvae 1o predation. These influences include the time and location
of spawning and the density of eggs. Nocturnal spawning occurs in many
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clupeoids (Blaxter, 1970); in the northern anchovy, for example, spawning
begins at sunset, reaches 4 maximum about midnight, and declines thereaf-
ter (Hunter and Goldberg, 1980; Hunter and Macewicz, 1980). Johannes
{1978} concludes that the majority of tropical marine fishes with pelagic eggs
spawn at twilight or night and suggests that this may reduce the intense pre-
dation by diurnal planktivores in tropical reef communities, because eggs are
transported by currents into the open sea away from inshore planktivores.
Hobsen and Chess (1978) reported that pelagic fish eggs are an important
companent of the diet of diurnal planktivores at Enewetak but were insignifi-
cant in diets of nocturnal planktivores, In the open sea, nocturnal spawning
may alse reduce vulnerability to predation because it permits some disper-
sion of egg patches before they become vulnerable to diurnal planktivores.
The dense egg patches produced by clupeoid tishes may increase vulnerabil-
itv because predators could converge on such patches and feed selectively on
eggs and larvae.

Vulnerability to predators may also be reduced by the location of spawn-
ing. Johannes (1978) points out that many tropical reef {ishes spawn in locali-
ties {on the outer reef slope, near channel mouths, in open water, and at
other sites) where eggs are transported by currents away from the intense
predation of the reef. Northern anchovy may spawn in areas in the open sea
that have fewer large planktonic predators (Alvarifio, 1980), a topic dis-
cussed in greater detail further on.

Starvation

It is generally believed that a prudent predator would select prev that
are about to die anyway, that is, the voungest ones and those weakened by
starvation or other causes. No information exists on the effect of starvation
on vulnerability to predation of marine fish larvae, but one might expect it to
vary with effect of starvation on sustained high-speed swimming. Laurence
(1972) observed that the maximum speed that starved largemouth bass lar-
vae, Micropterus salmoides, could sustain for 30 minutes declined with star-
vation, from about 3 te less than 2 body lengths per second, whereas the
sustained speed of fed larvae was about 4-5 lengths per second. Ivlev (1961)
in his classic work on the feeding ecology of fishes provides an example for
freshwater juveniles and frv. Ivlev found that the etfect of starvation on the
vulnerabilitv of roach frv to pike was strongly size dependent. Starvation of
10 cm roach frv had little effect an the vulnerability to predation by 12-15
cm pike, whereas predation doubled when 29 cm roach frv were starved.
Ivlev goes on to sav that the relation between starvation and vulnerability was
similar in form to the swimming fatigue curve for roach frv (flow rate fish
could sustain for 5 minutes), implyving that a decrement of swimming ability
caused by starvation was equivalent to a decrement in avoidance. An impor-
tant conclusion that can be drawn from Ivlev's work is that the decrement in
avoidance behavier caused by starvation is probably important only when
the difference in size between predator and prey is not great.
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Larval Size and Time of Day

Catch data from plankton nets illustrate that avoidance capabilities ap-
pear to increase exponentially with larval length. Murphy and Clutter (1972)
compared the daytime catch of tropical anchovy, Stolephorus, taken in one-
meter plankton nets with that taken at about the same time in a plankton
purse seine. The ratio, purse seine catch to one-meter net catch, increased
markedly with larval length after anchovy attained a length of about 5 mm
(Fig. 10). The ratio of night catches in plankton nets to day catches follows a
similar exponential trend with length in several other clupenid fishes. That
Murphy and Clutter’s data for daytime avoidance are about the same as the
day/night ratios for plankton net catches of clupeoids indicates that the ap-
parent exponential form of the relation is not entirely the result of improve-
ment in nocturnal vision. Recent work by Paul Webb (unpublished data, Uni-
versity of Michigan, Ann Arbor, Michigan) indicates that maximum speed of
burst-swimming in anchovy larvae increases at a rate proportional to larval
length times 20 and the duration of such bursts by length times 4. An expla-
nation for the exponential increase in avoidance capabilities with length in
clupeoid larvae is that avoidance is a function of both abselute speed and the
duration that larvae are able to sustain that speed, as both factors increase
with length; when combined they might vield an exponential relation.

In the more robust, fast-swimming larvae, such as jack mackerel and
Pacific mackerel, day/night differences in catch are barely detectable. These
larvae are able to escape almost as well by night as by day. The rapid decline
of the catch curve of jack mackerel larval length in comparison with clupeoid
larvae suggests that these more robust and fast-swimming larvae have a
much greater avoidance ability (Lenarz, 1973). Few jack mackere] or Pacific
mackerel larger than 7-8 mm are taken in routine oblique plankton tows (P.
Smith, unpublished data, NMFS, Southwest Fisheries Center, La Jolla, Ca.).

Clupeoid larvae, as well as other species, do not develop a functional
scotopic visual system until late in larval life (Blaxter, 1968a, 1968b:
O'Connell, 1981); hence they would be more vulnerable to predators at
night than in the day, as the dav/night ratio of catch indicates. Murphy and
Clutter (1972) also show that anchovy larvae avoid nets at night: however,
detection of the net and perhaps predators at night, mav be dependent on
lateral line sense, because the lateral line is tunctional at hatching in anchovy
(O'Connell, 1981). Vulnerability at night may also increase if larvae enter
a less responsive state. Adult fishes have been shown to be less responsive to
olfactory alarm stimuli at night than in the day {Thines and Vandenbussche,
1966). Anchovy fill their swimbladder at the water surface at night and re-
main relatively inactive, supported by the distended swimbladder until dawn
(Hunter and Sanchez, 1976). Larval Blennius pholis survival was lower when
maintained under continuous light than when given a daily light cycle
(Qasim, 1959). These studies indicate existence of a diel rhythm in activity,
and thus larvac might be less reactive to stimuli at night because of a differ-
ent reactive state, but definitive evidence does not exist.
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Figure 10, Change in aveidance ability of four species of clupeoid larvae with length.
Avoidance ability indicated by the ratio of purse seine 10 1-m net catches of the
Hawaiian anchovy, Stolepharus purpureus (Murphy and Clutter, 1972) and by the
ratio of night to dav plankton net catches of the Braziliun sardine. sardinetle brosili-
ensis (Matsuura. 1977). California sardine, Scardinops sugeer; and California anchowy,
Engrewdis morder (Paul Smith, unpublished data. NMFS, sSouthwest Fisherics Center,
La]olla.)

State of Maturity
Maturation of sensory and locomotor systems must affect the ability of’

larvae to avoid predation. Although maturation continues throughout the
larval phase, the greatest changes occur during the volk-sac period. In north-
ern anchovy larvae at hatching, innervation of the Mauthner cells is incom-
pletc, the cve 1s nonfunctional (©'Connell, 1981), and activity consists of
relatively long periods of rest, interrupted by briet perieds of vigorous swim-
ming (Hunter, 1972). By the end of the volk-sac stage, innervation of the
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Mauthner cells is complete, and the larva becomes capable of the rapid star-
tle response of most teleosts (Eaton et al., 1977); the eve becomes functional
for daytime vision, and the larva is almost continually active in the day. One
would expect vulnerability to predators to decrease as these developmental
events occur; this seems to be supported by laboratory evidence. The ability
of copepods (Lillelund and Lasker, 1971} and euphausiid shrimp (Theilacker
and Lasker, 1974) to capture valk-sac larvae in the dark declined markedly
over the volk-sac peried. For example the feeding success of Euphausia paci-
fica declined trom 60% for 1-2-day-old yolk-sac larvae to 17% for 3-day-old
larvac and 11% for 4-dav-old larvae. Theilacker and Lasker (1974) suggest
that this decline is related to the increase in larval activity, because small
predators such as copepods and euphausiids may be unable to capture mov-
ing prev and it is the long periods of rest that make larvae vulnerable to these
predators.

Types of Predators

Planktonic Invertebrates

Consumption of marine fish larvae by marine copepuls, euphausiid
shrimps, hvperud amphipoeds, and chaetognaths has been studied in small
containers in the laboratory. Lillelund and Lasker (1971) showed that 11 spe-
cies of calanoid copepods were capable of capturing or fatally injuring volk-
sac anchovy larvae. The number of volk-sac anchovy killed by a Labidacera
jollae female declined with larval age from 16 newly hatched larvae per day
to about 7 for 168-hour-old larvae, and from about 3 larvae 10 1 for L. trispi-
nosa females. The median number of volk-sac anchovy larvae eaten by the
cuphausiid shrimp, Euphausia pacifica, was 2 per day when the density of
larvae exceeded 1 per 3,500 ml (Theilacker and Lasker, 19743; and at a den-
sity of 50 yolk-sac herring larvae/50 ml, the hyperiid amphipod, Hyperoche
medusarum, attacked larvae at a rate of 0.45/hour (Westernhagen and Rosen-
thal, 1976). Two species of chaetognaths, Sagitia eleqans and S. setosa, con-
sumed on the average 1.5 fish larvae after a 48-hour starvation period, but
larvae were not taken in significant numbers if the chaetognaths were not
starved at least 24 hours (Kuhlman, 1977).

In Sugitte (Kuhlman, 1977) and Labidocera (Lillelund and Lasker,
1971), the number of larvae eaten or attacked was found to be independent
of larval density as long as the density exceeded a certain minimum; on the
other hand. in Hvperoche (Westernhagen and Rosenthal, 1976) and Euphau-
siaz (Thetlacker and Lasker, 1974}, the number of larvae attacked increased
initially with larval density, then became asvmptotic with density, the type
two predator response of Holling (1966},

Probably only yolk-sac larvac arc vulnerable lo attacks of Labidocera.,
Euphausia, and Hyperoche, because older larvace casily avoided attack even in
the small containers used in these studies. The two species of Sagitta are re-
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stricted to an even smaller size range because volk-suc larvae were not attrac-
tive, presumably because of their lack of movement (Feigenbaum and Reeve,
1977), and larvae older than 4 davs easily escaped. These small predacious
invertebrates feed, of course, on foods other than fish larvae; the number of
anchovy eaten by Labidocera declined in proportion to the density of the al-
ternate food (Artemia nauplii), and Sagitta showed a strong preference for
copepods when both copepods and larvae were offered (Kuhlman, 1977). Hy-
peroche, however, showed a strong preference for herring volk-sac larvae over
tlatfish larvae.

It seems unlikely that Sugitia setosa and 8. elegans have a significant im-
pact on larval fish populations. In addition, Cushing and Harris {1973) con-
clude that chaetognaths are present in sufficient numbers to account for a
larval mortality of only 1% per day. On the other hand, hyperiid amphipods,
Labidocera, and Euphausia may be significant predators on yolk-sac stages
of fish larvae. The first of the year populations of Hyperoche co-occur for 40
davs with yolk-sac herring larvae, and fish larvae remains are the most abun-
dant item in their gut (Westernhagen, 1976). In addition, Sheader and Evans
(1975) report that fish larvae, especially Clupea and Ammodytes, make up
23.4% of the food of the hyperiid amphipod, Parathemisto gaudichaudi, dur-
ing April and June, Both Euphausia and Labidocera co-occur with anchovy
larvae along the California coast, but no food habit studies exist. Theilacker
and Lasker (1974) estimated from the abundance of Euphausia and their
median {eeding rate in the laboratory that Euphausia could consume 2,800
anchovv larvae per day per square meter of sea surface, which is more than
40 times the average number of volk-sac anchovy existent per square meter.

Certainly the potential predation by these small planktenic predators
could have a significant effect on survival of earlv volk-sac stages, but larger
and more agile predators are required for older larval stages. Larger plank-
tonic predators could include some of the larger Chaetogna tha, Siphonopho-
rae, Chrondrophorae, Medusae, and Ctenophora. No detailed studies on the
impact of these larger invertebrate predators exist, although incidental ob-
servations of feeding behavior and food habit studics are available (Lebour,
1922, 1923, 1925: Frazer, 1969; and others).

Alvarifio (1980} tabulated the abundance and co-occurrence with north-
ern anchow larvae of five major groups of large invertebrate predators—
Chaetognatha (22 species), Siphnophora (48 species), Medusae (20 species),
Ctenophora (4 species), and Chondrophorae (1 species)—taken in over 2,000
routine ichthvoplankton tows off the California coast in 1954, 1956, and
1958. In general, the abundance of all species combined showed an inverse
relation to the abundance of anchovy larvae; that is, these potential predators
were the most abundant in tows when anchovy larvae were not taken or were
less abundant than average. To pursue this analvsis further, she selected
among the species those she felt to have the highest potential as larval preda-
tors because of their size, abundance, and feeding habits. These planktonic
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predators oceurred much less frequently and at lower abundances where an-
chowy were abundant and usually occurred most commonly where no an-
chovy larvae were taken (Table 4). The dominant constituents in collections
where anchovy were abundant were copepods and cuphausiids, whereas col-
lections without anchovy were dominated by jellv-like plankters, salps, doli-
olids, and pvrosomes. Thus, anchovy spawn most intensely in areas where
large planktonic predators capable of feeding on post yolk-sac larvae were
rare and where foods for the adults and larvae were abundant (copepods and
euphausiids).

In sum, planktonic invertebrate predators do not appear to be an impor-
tant source of mortality for anchovy lurvac other than during the volk-sac
stage. These predators may have an important effect on other fish larvae,
however, but no adequate documnentation exists. Squid, Loligo opalescens,
might be an important predator of anchovy larvae: they co-occur with an-
chovv (Cailliet et al., 1979) and feed upon them, but Euphausia is their prin-
cipal foad (Karpov and Cailliet, 1978).

Fishes

Perhaps the most important group of predators of marine fish eggs and
larvae are schooling pelagic juvenile and adult tishes. Analysis of stomach
contents of such fishes usually indicates they do indeed eat larval fishes and
eggs. It would be a {ormidable task to review this large literature, but I will
cite a few examples for clupeoid fishes, the most important group of larval
and egg predators because of their abundance, schooling behavior, and
planktonic feeding habits.

Larval sand eel, Ammodptes (ca. 33 mm), comprise about 10% of the
total food items eaten by North Sea herring in the Shields area from 1830 to
1934 (Savage. 1937) and about 42% of the fbod organisms caten by herring
from the southern North Sea and Tyne area (Hardy, 1924). Both authors cited
found a variety of other fish eggs and larvae in herring stomachs as well, but
at lower abundances, More recently, Pommeranz (in press) observed that at
one station 54% of the wet weight of the stomach contents of herring and
45% of that of spratt (Sprattus spratius L.} were composed of fish eggs and
larvae. Average values for eggs in herring stomachs ranged from 0.03% to
51.1% (on the average, about 4 eggs per stomach) and the proportion of fish
larvae from 0% to 3%. Harding et al, (1978) found that stomachs of herring,
taken in egg patches in the North Sea contained about 3% fish eggs and 62%
fish larvae,

Feeding of the scombrid (Rastrelliger kanagurta) on the eggs of the la-
brid {Thallusoma) has been actively observed by Colin (1976). Thallvsoma
engaged in mass spawning which involved an upward rush and visible re-
lease of cggs and sperm; about five Rastrelliger converged on the site and
began filter feeding on the eggs while swimming in tight circles.

My observations of the feeding behavior of northern anchovy are nearly
identical to those of Cotin (1976): when anchovv eggs were added to a tank,
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the school swam over the area and began filtering intensively while swim.-
ming in an elliptical orbit through the egg patch. Many reports exist for an-
chovy feeding on cggs and larvae of marine fishes including their own. In
southern California, the most abundant pelagic planktivorous fish is the an-
chovy, hence thev may be one of the major predators of fish eggs and larvae
in the open sea. In a recent study (Hunter and Kimbrell, 1980b), stomach
contents of anchovy taken during a peak spawning month contained on the
average 5.1 anchovy eggs per fish. They used these data to calculate a daily
ration of eggs of 86 eggs per fish and estimated that this represented about
17% of the eggs spawned per night, or about 32% of the dailv mortality of
eggs. They point out that the number of anchovv eggs in stomachs increased
exponentially with the density of eggs in the sea, indicating that patchiness of
eggs and sclectivity of filtering by the schools probably play a major role in
egg consumption. Very few larvae of anv species occurred in the stomachs,
but Hunter and Kimbrell's laboratory observations indicate that the smallest
and most abundant anchovy larvae (3—5 mm SL) are digested bevond recog-
nition in less than half’an hour, whereas eggs are more resistant to digestion.
Although no evidence exists, I believe that the younger larval stages are as
vulnerable as eggs. Larvae probably remain highly vulnerable to schooling
planktivorous fishes until aveidance abilities develop sufficiently. Yolk-sac
larvae are readily eaten in the laboratory by anchovy, and their low incidence
in field-caught specimens is probably the result of the rapid digestion rate
and the decline in patchiness and abundance,

Conclusions

An understanding of the causes ot larval mortality demands a thorough
understanding of early life history traits. Traits discussed in these lectures
include parental factors of time and place of spawning, pattern of spawn
distribution, egg size and yolk reserves and such larval characters as feeding
behavior, prey selection patterns, swimming and searching behavior, metab-
olism, growth rate, and time to the onset of schooling. These traits are in-
terrelated and consequently form distinct life history strategies.

Food size preferences may be one of the better traits for identifying life
history strategies. For example, to feed on a large prey requires a large mouth
and a greater and more efficient effort because of the exponential decline in
food density with food size. Persistence in attack and maneuverahility would
appear to be essential for a large prev strategv. Greater searching effort may
require a faster swimming speed, and this in turn implies less vulnerability
to predation and higher metabolic rate and energy requirernents. The latier
promotes faster growth (Kerr, 1971a, 1971b), and faster growth reduces the
duration of the larval stage, the period of greatest vulnerability to predation,
and the time to the onset of schooling. Mackerel and tunas appear to have
adopted this large prev-fast growth strategy, whereas anchovv follow a small
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prev strategy. The sparid Archasargus rhomboidalis, which seems to fit in
many respects the large prey feeding strategy, is affected much more by labo-
ratory stocking density and is better able to take advantage of short-term
patchiness of food than is the engraulid fish Anchou mitchilli (Houde and
Schekter, 1978). These fendencies are in keeping with the difference in
searching power and efliciency of feeding implicit in large and small prey
feeding strategies.

At high spawn densities, suppression of intraspecific effects on growth
would be adaptive as well as suppression of sibling cannibalism. Species with
slow cruising speeds, such as anchovy, might require higher initial larval
densities to assure the socialization necessary for the onset of schooling or to
form schools of viable size. Mackerel and tunas, on the other hand, are prone
to sibling cannibalisrn and may not be atfected by low spawning densities
because the time to school formation is less, because growth is rapid and
cruising speeds are higher, thus permitting more rapid formation of schools.
Many other possible strategies exist other than those discussed for anchovy
and scombroids. Species that hatch from large eggs in a relatively large and
mature stage—flving fish, herring larvae, and saury, for example—have dis-
tinctly different life strategies.

My emphasis in these lectures on feeding ecology was on specific differ-
ences and how they form distinet life historyv strategies in the larval phase.
The apparent similarities in feeding habits among pelagic larvae are striking
nonetheless. Nearly all pelagic larvae are diurnal particulate plankiivores,
specializing in the young stages of copepods, whereas the feeding habits of
the adults are much more diverse. Pelagic fish larvae are the most similar in
the early stages of development, and distinctions become marked as develop-
ment proceeds and larvae approach metamorphosis.

The literature 1 have reviewed on feeding ecology and on predation in
Jarval fishes indicates that the smallest 1ife stages are without doubt the most
vulnerable to siarvation and predation. Low teeding success, low resistance
to starvation, and slow absolute swimming speeds all indicate that larvae are
more vulnerable to starvation at the time of first feeding than at any other
time. Similarly, the ability to avoid predation is dependent on burst speeds,
the ability to sustain that speed, and the developmental state of sensory and
locomotor svstems. All of these improve rapidly with larval size or age. In
addition, the number of potential predators may decrease with an increase in
larval size; the highest number may occur during the yolk-sac period when
larvae may be eaten by small planktonic invertebrates as well as by larger
invertebrates and fishes.

Although the high early mortality of marine larvae is documented (May,
19743 Jones and Hall, 1974; Vladimirov, 1975}, no conclusive cvidence exists
that variation in the rates of early mortality determines the strength of in-
coming vear classes. This idea, Hjort’s critical period concept (Hjort, 1914;
May, 1974; Vladimirov, 1975), has long been postulated as a mechanism for
variation in vear class strength. It now appears, at least for the northern an-
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chovy, that except for a few extreme cases it is not possible to detect changes
in recruitment potential from the abundances of embryonic or postemn-
bryonic larvae up to 15 mm in length {Zweifel and Smith, in press). Thus
identification of mechanisms regulating recruitmeni will probably require
study of the entire larval and juvenile stages.

A recurrent theme in these lectures has been the role of patchiness in the
early life history of fishes. Patchiness affects food availability which in turn
may produce patchiness in larval survival and growth. Although direct links
between food patches and survival have not been documented, the circum-
stantial evidence is strong. Larval food exists in patches (Lasker, 1975), and
small-scale patchiness in growth and starvation exists (Methot and Kramer,
1979; O'Connell, 1981). Patchiness may also affect vulnerability to plank-
tivorous predators, the onset of schooling behavior, and sibling cannibalism.

If patchiness controls larval survival, variation in recruitment ultimately
may be the result of the summation of events occurring in a multitude of egg
and larval patches. Although this increases the complexity of the problem,
techniques now exist to studv it. It is now possible to make reliable instan-
taneous estimates of the incidence of starvation (O'Connell, 1976, 1961:
Theilacker, 1978} and of larval growth (Buckley, 198(; Methot, in press).
Such estimates need to be related to the condition of the plankton commu-
nity from which thev were taken. Measures of community condition, such as
standing crop of microcopepods, indices of naupliar production rate, pri-
marv production, exvgen, and nutrients, and ather biotic and abiotic charac-
teristics need to be related to instantaneous growth rates and starvation from
the same patch. Such a dynamic description of the local community or patch
condition could then be used to calibrate oceanic events in terms of larval
growth and survival. In addition, these sets of dynamic descriptions and their
larval correlates would provide the necessary data for a dynamic model of
larval mortality.

Most of the work on the ecology of marine fish larvae has been lahora-
tory studies on behavior and feeding ecology of the larvae produced by major
oftshore fish stocks. Little work has been done on the carly life history of
tropical reef fishes and many other inshore forms. Predation has received
little attention in all species. Field studies on natural causes of mortality and
variation of growth are just beginning, but the tools now exist for such work.
If we are to identify the causes of natural mortality in the sea, the incidence
of starvation and predation must be estimated over the spawning range of
the species and at all life stages, and these losses compared with estimated
rates of mortalitv. The vertical position of larvae in the sea in relation to their
foods, predators, and time of day alse needs to be considered in such an anal-
vsis.
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The Role of a Stable Ocean in Larval Fish
Survival and Subsequent Recruitment

Pelagic fish populations can and do undergo precipitous and catas-
trophic recruitment failures. Peru suffered a massive collapse of its fishery
for anchoveta, Engraulis ringens (Valdivia, 1978), resulting in a reduced
catch from 1971 to 1973, i.e., from 12 million to 2 million tons, an economic
disaster. Experts called in by the Food and Agriculture Organization of the
United Nations and the government of Peru noted that the decline in the
population of the Peruvian anchoveta had much in common with similar
declines of other clupeoid species, e.g., the Atlanto-Scandian herring, the Pa-
cific sardine. the Hokkaido herring, and the Japanese sardine (Murphy,
1974). They concluded that heavv fishing on a parent stock after the appear-
ance of several poor year classes is sufficient to reduce the stock’s reproduc-
tive potential to a point where it can no longer produce enough recruits for
the fishery.

However, a very small population size did not prevent the recent resur-
gence in the fishery for the Japanese sardine, Sardinops melanosticta. This is
a striking example of how a pelagic fish population can undergo a remark-
able recruitment success, From 1964 to 1972, the Japanese sardine was virtu-
ally absent from local waters arcund Japan, but within five vears
(1973-1978) this fish increased steadily in numbers and now appears as a
very large population around the home islands, particularly in local waters
east of Honshu. The catch increased from a negligible one of a few thousand
tons in 1972 to almost 1,64 million tons in 1978 (Fig. 1). Kondo (1980) attri-
buted this increased catch to a single large vear class which appeared dr nove
in 1972 and whose subsequent spawning successes from 1974 through 1977
provided the large tonnage of sardines to the fishery. Kondao belicves that the
breakdown of a long-established cold water cell adjacent to the coast permit-
ted the Kuroshio Current to approach close to the home islands of Japan, that
this led to an increase in the quantity of food available for larval fish (chiefly
copepod nauplii), and resulted in enhanced larval survival with a subsequent
increase in the sardine population,

The causes of natural large population changes cannot consistently be
shown to be density dependent. The Japanese sardine is a good example of
this. Its resurgence from extremely low population levels to cne supporting a
two-million-ton fishery in just a few years highlights anew the questions
asked by fishery scientists: “T'o what extent can a pelagic stock be fished be-
fore subsequent vear classes resulting from that stock are affected?™” “At what
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Figure 1. Fluctuation of the sardine catch around Japan {after Kondo, 1980),

population size of a fish can recruitment, the successful survival of fish from
hatehing to a size exploitable by a fishery, be shown 1o be density dependent,
it'at all?™ Answers to these ¢uestions would help greatly in elucidating the
relationship between stock and recruitment and ultimately the management
of highly volatile pelagic stocks.

Over the past three decades, scientists have tried to find correlative phvs-
ical, chemical, and biclogical ocean parameters which could be used to pred-
ict migration patterns, recruitment, and large fluctuations in pUpulation
biomass—but with very limited success. The management of fish popula-
tions has marched apace, with dectsions usually based on historical pre-
cedents but rarely on scientific principles. Yet the collapses of recruitment-
limited tish populations have had enormous economic and social effects on
fishing nations. These might have been aveided had there been reasonable
predictions on the fate of the fish populations due to fishing and the environ-
ment.

The vastness of the ocean and the difficulty of sampling spatially and
temporally present major problems to fisheries scientists. Fisheries managers
would like usetul “real time” information, but it is not uncommon to have to
wait a year or longer 1o obtain data, process them, and reduce them to an
inferpretable form. Long delavs in assessing the strength of incoming vear
classes introduce great uncertainties about future recruitment. Furthermore,
muost clupeoids recruit into the fishery from one to two vears after they are
born, accounting for a built-in delay. Statistics on cohorts, age, growth, and
relative mortality must wait at least for the fish to grow up and be caught by
the fisherv. Predictions based on catch statistics are frecquently too late to be
useful, and the mechanisms determining the amount of future recruitment
are not elucidated at all by a study of the catch.

Johan Hjort’s Hypothesis of the Larval Fish Critical Period

While there have been a number of suggestions for investigating the
stock and recruitment problem, in recent years scientists have rended toward
the belief that vulnerable early life stages of pelagic fish hold some important
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clues 10 understanding large variations in recruitment, This idea is not new.
In 1914 the eminent Norwegian fishery biologist, Johan Hjort. suggested that
vear classes of the Atlanto-Scandian herring, Clupea harengus, fluctuate in
magnitude according to the availability of food to its very earlicst larval
stages. He hypothesized that resultant year classes are small when food is
scarce and large when food is abundant. Although Hjort had no direct mea-
surements to support his idea, scientists find it attractive even today, al-
though supporting evidence is still mostly inferential and speculative. After a
60-vear hiatus, Hjort’s idea has been resurrected and elaborated upon, and
evidence has been and is bring accumulated from the ocean and the labora-
tory to test its basic tencts.

Does a Good Year Class Depend on a Stable Ocean and
Good Food?

In California at the National Marine Tisheries Service, Southwest Fish-
erics Center (SWFC). La Jolla, Lasker and his coworkers have developed an
extension of the Hjort hypothesis which accepts the initial premise that tooed
for first-feeding larvae may be limited but suggests that there are times and
places in the sca where food aggregation occurs and that survival of larvae
depends on these. Lasker (1975) describes the use of laboratory-produced
first-feeding anchowy larvae {o detect good feeding areas in the sea and 10
establish the threshold concentrations for feeding by the larva. The impor-
tance of a stable environment for feeding was demonstrated in these experi-
ments, and at the time of this studv the nearshore less-turbulent environ-
ment was shown 1o be better for larval anchovy feeding than offshore in the
mainstream of the California Current. Cruises in late 1974 and 1975 (Lasker,
1978) revealed a 300-kilometer-long by 4-kilometer-wide patch of the thecate
dinoflagellate. Gonvaulax pobedra, along the southern California coast in
December and its extension to 40 kilometers wide in January. While present
in concentrations above the threshold for feeding during these two mionths,
G. polpedra also was demonstrated to be a poor food for anchovy larvae
(5cura and Jerde, 1977). A massive upwelling along the coast in February
1975 wiped out the patch and reduced particle concentrations far below
threshold-for-feeding by tirst-feeding anchovy larvae.

In addition to food density, survival of tish larvae also depends on parti-
cle size and species composition of food organisms (Lasker et al., 19701 Scura
and Jerde. 1977). For iustance. in March-April 1974 the naked dinoflagellate
Gymnodiniwm splendens was the dominant foed particle in the larva’s envi-
ronment and was known to be nutritious and desirable {Lasker et al., 1970).
Thus species succession. particularly after upwelling periods, may result in
the replacement of desirable food organisms (e.g.. some species of dinotla-
gellates) with undesirable ones (e.g., diatoms), once again resulling in poor
larval feeding conditions despite the fact that primary production may be
high.
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The 1975 spawning season of the northern anchovy can be summed up
as follows: (1) Gonvaular polyedra, a thecate dinotlagellate but a very poor
foed, dominated the first-feeding larva’s environment: (2) an upwelling oc-
curred late in the spawning season which swept out this poor food, but no
suitable food appeared in its place: {3} 1375 produced one of the worst north-
ern anchovy vear classes on record.

To test these ideas further, Lasker and Zweifel (1978) produced a simu-
lation model, based on laboratory and field data, of survival and growth of
first-dav-of-feeding anchovy larvae, Engraulis mordar, on different prey sizes
and concentrations. They shawed that at nominal capture efliciencies of
20-30 percent, there is a threshold of 30-50 small particles (45-35 pm di-
ameter) per milliliter needed for substantial survival and growth. Large par-
ticles, e.g., copepod nauplii (95-105 pm diameter), can enhance survival
when thev are in concentrations of between 10 and 100 per liter, but the
same environment must contain above-threshold numbers of small particles.
This simulation showed an important distinction between survival and aver-
age growth; L.c., larvae may survive in significant numbers in feeding regimes
in which the average growth for the population is negative. The concept re-
lating, larval fish food aggregation to stability of the water column and its
relation to oceanographic and meteorological conditions needs to be tested in
a variety of habitats.

Vivmen (1977) showed the importance of the geometry of prey distribu-
tion in his study of the larval anchovy in physical relation to its food. In par-
ticular, his simulation model indicated that extremely different larval an-
chovy growth rates in the sea arc the most likely functions of preyv contagion,
with the highest growth rates not necessarily occurring at the highest level of
prey contagion. Owen (in press) sampled within chlorophyll maximum lay-
ers on a vertical scale only 20 cm apart and found significant differences in
numbers of potential larval fish food organismes, often between adjacent 20
cm water samples. This scems to confirm Vlvinen’s contention that the cen-
timeter scale of aggregation must exist in the sea and that it occurs tor every
- food type vet identified as needed for larval anchovy growth and survival,

Larval fish drift and the conditions which cause it are further elabora-
tions of the Hjort hypothesis. Some scientists believe that upwelling events, if
strong enough, can carry fish larvae out of good feeding areas into poor ones.
At the California coast, when upwelling is weak, the stable environment in-
shore results in good feeding for voung fish and enhanced survival. Working
'with fishery statistics on Pacific mackerel (Scomber japonicus} year-class
strength, an upwelling index (Bakun, 1973}, and a wind curl index (Bakun
and Nelson, 1977), Parrish (1976) and Parrish and MacCall (1978) have
shown good correlations of upwelling, surface transport patterns, and vear-
class strength of Pacific mackerel off California.

Om the east coast of the United States, Nelson et al. (1877) showed that
menhaden larvae, which depend on estuaries for food, are carried into estu-
aries during downwelling periods. In this case, upwelling acts to the detri-
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ment of larval survival by keeping larvae offshore, a mechanism different
from the disruption of food aggregations shown to be important for northern
anchovy larvae.

Storms also were found to disrupt larval food aggregations. and it has
been inferred that this probably results in heavy larval mortality during the
anchavy spawning season (Lasker, 1975). A regional cube-of-the-wind-speed
index for the anchovy spawning grounds off California has been developed by
Andrew Bakun at the Pacitfic Environmental Group (SWFC) of the National
Marine Fisheries Service and used by Lasker (in press) to correlate with good
and poor anchavy year classes.

While the data are still sparse, indications are that an index of this kind,
which reflects the amount of mechanical energy available for stirring the
upper layers of the ocean (Niiler and Krause, 1977), may be a valuable pred-
ictor of poor feeding conditions of larvae and hence the degree of recruit-
ment. For example, a violent mid-December 1977 storm in southern Califor-
nia destroved lavers of potential larval anchovy food; stability was not
restored to the upper lavers of the inshore anchovy spawning region until
March. Lasker. at the 1978 CalCOFI Conference, suggested that unusual
storm conditions during winter 1977-78 would adversely atfect the 1978 an-
chovy year class. Results of otolith birthdate analvsis of recruits from the
1978 year class by Methot (quoted in Lasker, in press) bear this out: recruits
were born mainly in March and April 1978, despite extensive spawning in
December 1977 through February 1978.

Walsh et al. (1980) also provide evidence from Peru that contirms the
idea that strong winds and turbulent seas can be detrimental to the survival
of the Peruvian anchovv. On the other hand, Ware et al. (in press) suggest
that aggregations of food for Peruvian anchovy larvac may be a result of
strong winds by the production of Langmuir cells and consequent accumula-
tion of likely food items in “windrows.” The space and time scales of the
events being considered differ greatly, and reconciliation of these ideas re-
quires additional research into the effects of wind-mixing and the distribu-
tion of larval fish food particles.

The findings that anchovy larvae cannot feed on filamentous diatoms
{Lasker, 1975, 1978), that only certain food organisms of the right size for
feeding are nutritious (Lasker et al., 1970; Scura and Jerde, 1977}, and that
there is a low probability of the larva encountering copepod nauplii at first
feeding (Lasker and Zweifel, 1978) have provided the biological framework
with which to predict the quality of the ocean environment for survival of
ecarly anchovy larvae. Similar data are needed for other pelagic fich larvae,
and studies have begun on a number of commercially important species to
test the ideas suggested here (Ellertsen et al., in press).

Predation on Larval Fishes: An Unknown Factor

Predators on marine fish larvae usually are not discussed very much in
relation to recruitment. despite the possibility that thev may have great ef-
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fects on larval survival and year class formation. Studies in the laboratory
and in the sea have been more qualitative than quantitative. Exceptions to
this rule are the recent studies of Hunter and Kimbrell (1980), who demon-
strated that anchovy adults can be voracious predators on their own eggs and
larvae, and the work of Lillelund and Lasker (1971}, who pointed to the pos-
sibility that many pelagic copepods co-existing with fish larvae can bite and
lethally damage them. Theilacker and Lasker (1974) also implicated euphau-
siids as putentia] predators of larval anchovies. Some fish larvae, such as
those of the Pacific mackerel, are piscivorous and, in the laboratory at least,
are known o cat their siblings (Hunter, this volume). Alvarino (1980). in an
interesting investigation of the distribution of larvae, interpreted the inverse
relation of patches of potential predators to patches of anchovy eggs and lar-
vae as an evolutionary development in spawning behavior favoring survival
of larvae.

Most of the information concerning predation on larval fishes is too
sparse and unquantifiable. A great deal of work needs to be done in this area
of study and requires a combination of laboratory and field observations be-
fore we will be able to assess the rale of predation in recruitment processes.

Conclusion

While the bulk of the recruitment research described here has been on
clupenid fishes, the concepts advanced may be appl icable 10 a wide variety of
fishes having planktonic larvae. Minithum concentrations of food must be
present in the larva’s environment with associated stable ocean conditions to
insure that threshold-for-feeding concentrations are maintained. Cube-of-
the-wind-speed. upwelling, and wind curl indexes are new tools which can
be used by fishery scientists to correlate with larval mortality. larval food
distributions, and subsequent vear-class strength. Biological information on
larval tishes obtained in the laboratory now has even greater meaning since it
can be used to erect useful predictive medels of recruitment and, with spe-
cific data on the ocean environment, provides a hope tor meaningful fishery
prediction. If managers want to respond before there are sudden collapses or
substantial increases in fish populations, it seems clear that they must take
into consideration: the increasing evidence that environmental factors have
major effects on the survival of larval fish and that density-independent fac-
tors may be more important than previously believed.
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Morphological and Functional Aspects of
Marine Fish Larvae

The notion that mortality during the larval stage is a major determinant
of vear class strength has been a part of fisheries theory since before the turn
of the centurv (see Marr, 1956; May, 1974; Hunter, 1976, Lasker, this vol-
ume}. I have been asked to talk about the systematic aspects of the larval
stage, a subject as vasl and diverse as systematic ichthyology itself. The im-
portance of diversity to fisheries science is coming inte prominence as we
move beyond single species concepts. Since demersal and pelagic species
from all depths supply larvae to the swrface waters, nowhere else in the lite
histories of these species is there so great a potential for interaction. One
might even characterize the larval stage as that period in ontogeny when
major partions of a fish fauna come together and share prey, predators, and
abiotic variables. Knowledge of direct and indirect species interactions dur-
ing the larval stage will play an impertant role in the evolution of multispe-
cies fisheries models.

The previous lecturers have discussed larval fishes from the points of
view of behavior, physiology, and ecology. I would like to tocus on the mor-
phological aspects of larval adaptation. Marine teleost larvae have evolved an
enormous array of morphological specializations, such that it seems we are
looking at a distinct evolutionary domain quite scparate from that of the
adults. It is reasonable to assume that these remarkable structural special-
izations are adaptive and reflect each species’ solution to the challenge of
survival in a complex and demanding environment. In the course of an hour I
could only hope to discuss a few of the adaptations found within selected
teleost groups.

A good place to start is with a problem which puzzled Aristotle and
remains somewhat of a puzzle today—the lifc history of the European eel,
Anguille anguilla. Since mature gonads were never found in the freshwater
adults, their reproduction remained a mystery for millenia (Schmidt, 1932).
Then just before the turn of this century, two Italian scientists, Grassi and
Calandruccio (1897), captured some of the leaf*like marine larvae, known as
leptocephali, and kept them in an aquarium, where thev turned inte the
transparent glass cel stage of Anguilla (Fig. 1). Thus, it was shown that the
species was catadromous. Seven years later Johannes Schimidt captured one
of these leptocephali off the Faroe Istands north of Denmark. This initiated a
wide-ranging plankton sampling program that emploved four Danish re-
search vessels and numerous merchant ships in the scarch for the newly
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Figure 1. Transformation of the Eurnpean eel, Anguilla anguilla. from the leptoce-
phalus {at top, ca. 75 mm) to the juvenile (at bottom, ca. 64 mm). From Schmidt
{1909).
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Figure 2. (A) Stations at which plankton eollections were made during the Danish eel
investigations, 1903-1922. (B) Areal distribution of Anguilin anguillin larvay based on
plankton survevs, Contours indicate outer limits of occurrence of various gizes (o)
of Jarvae. Outermeost contour refers to unmetamorphosed larvae. Black coastal strip
shows distribution of iveniles and adults. From Schmicdt (1925],
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hatched larvae (Fig. 2). In 1922, with the discovery of newly haiched larvae in
the Sargasso Sea, Schmidt concluded that . . . the cels from Europe travel
over the Atlantic to the Sargasso Sea where thev spawn in the spring, and
furthermore that the larvae, assisted by the North Atlantic current, make a
journey in the opposite direction to Europe; a journey that lasts between two
and three vears” (Schmidt, 1932). Schmidt’s research program was the pro-
genitor of the type of wide-ranging ichthyoplankton survey that continues to
be a valuable tool in answering fundamental questions about the life histo-
ries of marine teleosts.

Since anguillid eels are a tropical group, the migration of A. anguilia
adults from the fresh waters of Europe to the Sargasso Sea and the slow re-
turn journey of their larvae (via the clockwise North Atlantic gvre) may have
been the mechanism bv which this species penetrated northward to the fresh
waters of Europe. T he possibility that the intercontinental journeys of this
species have evolved gradually in relation to continental drift and the widen-
ing of the Atlantic during the Cretaceous, as suggested by Hulet (1978}, in no
way diminishes the immensity of the adaptations involved.

The nutrition of the eel larva during its journey is enigmatic since no
food has ever been found in the gut of any eel leptocephalus. Furthermore,
the gut is poorly differentiated and the lumen of the midgut is often oc-
cluded. The suggestion that dissolved organic compounds are absorbed di-
rectly through the epidermis is plausible since the epidermis is only from one
to several cells thick and the surface cells are covered with microvilli (Hulet,
1978). Such a mode of nutrition would be remarkable since the leptocephali
of some eels are the largest of all fish larvae. The leptocephalus of Thalas-
senchelys coheni attains a length of 30 ¢cm (Smith, 1979} and a 25-cm speci-
men of this species in our care has a wet weight of 21 gm. The highly attenu-
ate leptocephalus of a notacanthiform eel known as Leptocephalus giganteus
attains a length of 184 em (Nielsen and Larsen, 1970).

Hulet (1978) has suggested that an alternative nutritional source might
be afforded by the extraordinarily large fang-like teeth typical of eel leptoce-
phali. Thev could be used fo puncture organisms and the protoplasmic juices
could be swallowed and absorbed by the epitheleum of the esophagus and
stomach. Such predaceous strategy might account for the emphasis on eye
development and for the many eve specializations found among the eel lepto-
cephali (Smith, 1979). If dissolved organic compounds are the source of lep-
tocephalus nutrition, then the function of the huge teeth becomes proble-
matical. Often it has been suggested that thev could function in calcium
metabolism. Considering the duration of the larval stage for many eels, an-
other possibility is that they could serve as a defense against predators.

In addition to the 22 families of anguilliform eels and the three families
of notacanthiform eels, leptocephali are found in the Order Elopiformes, a
group which includes the tarpons, bonefishes, and ladytishes. This was a
major character used by Greenwood et al. (1966) to group the three orders
into the Supraorder Elopomorpha.
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Elopiform leptocephali share many morphological features with eel lar-
vae, including the leaf-like body form, fang-like teeth, well-developed eyes,
and distinct renal blood vessels, but differ markedly in having a well-devel-
oped caudal fin that is separate from the dorsal and anal fins. The caudal fin
ray formula of elopiforms (10 + 9 principal rays, 4 + 3 hypurals, multiple
ural centra) is also typically found in the next orders we will consider—the
Clupeiformes, Salmoniformes and Myctophiformes (Ahlstrom and Moser,
1976).

Clupeiform larvae have elongate bodies with long straight intestines and
are characterized by their relative uniformity and subtlety of morphelogical
specialization {(Fig. 3). Likewise, their conservative pigment patterns are
dominated by serially arranged melanophores along the gut and on the ven-
tral midline between the anus and caudal fin. It seems probable that, when
expanded, the gut melanophores help conceal the larvae by masking light
refracted from gut contents. Similarly, the melanistic shield which forms
over the gas bladder reduces light refraction as a visual cue to potential pre-
dators. The melanistic pigment found on the oil globules of so many teleost
eggs and volk sac larvae may function in a similar way. Linear gut pigmenta-
tion and dorsal gas bladder pigment are recurrent larval characters repre-
sented in almost every teleost group in a myriad of arrangements, their univ-
ersality attesting to their adaptive contribution.

Suggesting a function for the linear series of post-anal melanophores
poses more of a problem. Since larvae are transparent and have a body out-
line that is imperceptible, or nearly so, it is unlikely that the post-anal linear
series functions in concealment in the sense that Cott (1940) has shown for
organisms with distinct body outlines. Mareover, if post-anal series were to
function in this manner one would expect the pigment to be in the form of
bars or saddles running at right angles to the bodv edge. Indeed, in a host of
teleost species, melanistic bars and saddles are found in late larvae and pe-
lagic juveniles, ontogenetic states where body outline is more likely to be an
important cue to predators. Rather, it would seem that the distinctive post-
anal melanophore series, present in so many species throughout almost every
teleost group, would call the attention of potential predators. This does not
negate the possibility of a protective role for post-anal pigment, since the
zoological realm provides numerous examples where visual prominence of a
prey species affords protection from predators.

One such example, the phenomenon of “flicker fusion,” might be re-
sponsible for the widespread occurrence of post-anal melanophore series in
teleost larvae as suggested by Joseph Copp (pers. comm.) of Scripps Institu-
tion of Oceanography. Describing the phenomenon in banded snakes, Shaw
and Campbell (1974) state the following:

As the snake moves forward, seeking a hiding place, the bands on its
back foliow one another like the spokes on a wheel. Depending on the near-

ness of the predator, the width of the bands and the intensity of the light on
the snake . . . the results may be startling. At the very least an astigmatic
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Figure 3. Larvae of clupeiforms. (A-C) northern anchovy, Engruulis mardar, 7.5, 11,5,
31.0 mm, from Kramer and Ahlstrom (1968); {[-F) Pacific sardine, Sardinops sagar.
9.1, 140, 31.3 mm, from Krarner (1970): (G-I} round herring, Etrumeus teres, 5.4,

8.2, 1.7 mm.
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condition may be produced in the onlooker. Most often, however. the flicker
fusion phencmenon brings a fusing in the beholder’s perception of the
snake’s bands, a greying of them, to the point where bands and the snake no
longer exist. The beholder stares tixedly at the spot where he first saw the
snake and misses the fact that the snake is passing from his view.

The serially arranged post-anal melanophores of teleost larvae may

function in just this manner, and indeed the obfuscation may even be more
effective owing to the rapid lateral beats of the larval tail. Flicker fusion may
be another reason for the widespread occurrence of serially arranged lateral
gut melancphores. and the effect may be even further heightened in specics
where the lateral gut series and the post-anal serics form a continuurn. An-
other possible adaptive advantage of melanophores is related to the specific-
ity of their pattern. Melanophore pattern is one of the most useful characters
for distinguishing among species of teleost larvae. It is possible that unique
melanophore patterns could serve an infraspecific recognition function and
aid in the location and exploitation of food patches. That Is, the feeding
movetnents of one or more larvae of a species. made visible and instinctively
recognizable by their unique melanistic pattern, could serve to attract other
members of the species to the patch and thus provide a selective advantage.
This hypothesis is consistent with the survival premium placed on patch
feeding as a compensation for overall low prey densities (outlined in Dr.
Hunter's lectures), and one could see how such a mechanism could lead to
the proliferation of the intricate melanophore patterns, so characteristic of
teleost larvae. Additionally, in many schooling fishes (e.g., clupeiforms) the
onset of schooling is within the larval phase, and here again melanophore
pattern may be an important factor in intraspecific recognition. Gne could
even speculate that the behavioral mechanisms of early larval patch feeding
could have been intimately involved in the cvolutionary origin of schooling
and other aggregation phenomena.

A remarkable feature of clupeiform larvae, which they share with elopi-
forms, is the phenomenon of fin migration. Fage (1920) and Lebour (1921)
described how, in the late larvae of many clupeiforms, the dorsal and anal
fins migrate anteriad with respect to the myomeres. Anterior migraticn of’
the dorsal fin is greatest in the European pilchard, where the fin moves for-
ward 11 myomeres during transformation. In the herring and sprat the fin
migrates 7 and 5 myomeres respectively. Anterior migration of the anal fin is
less pronounced in the above species (1, 6, and 4 respectively). In the Pacific
sardine the dorsal fin migrates 10 myomeres and the anal fin 6, whereas in
the northern anchovy the migration is barely perceptible (dorsal, 37 anal, 1).
The functional significance of tin migration is unknown; perhaps the more
posterior placement of the dorsal and anal fins during the larval stage could
involve them in tail beat thrust.

In saltmoniform fishes the larvae have undergone an extraordinary radia-
tion, particularly among two deep-sea groups—the argentinoid smelts and
the stomiatoids. These fishes have invaded deep oveanic waters, and the mor-
phological specializations of the larvae must have played an important role
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Figure 4. Larvae of argentinoid smelts showing various eve tvpes. A-C, Buthplogus

milleri with round vves: (A) dorsal view of head of 10.6-mm larva, (B} 10.6-mm farva.

(C) 27.5-mum larvas (D-F), Bathylagus wesethi with elliptical oves, (D) dursal view of

head of 8.5-mm larva, (E} 8.8-mm larva, (F) 24.5-mm larva, from Ahlstrom {1965)4

G-1, Bathplagts ochotensis with stalked elliptical eves, {G) dorsal view of head uf 8.5-

mm larva, (H) 10.2-mm larva, (I} 21.5-mm larva.
in the penetration and exploitation of this demanding environment. The fin
fold has becorne a prominent feature and, in many saltnoniforms, the dorsal
and anal fins develop within the fin fold tissue at some distance from the
body. The extreme is found in some argentinoids where the dorsal and anal
fins form at the fin fold margin and are connected ta the body by a series of
hvaline strands (Fig. 4). At metamorphosis the fins become connected with
the body in the norma] position. The voluminous fin folds may enhance
buoyancy and are probably involved in locomotion by high frequency/low
amplitude vibration as Hunter (1972} has described for anchovy larvae in the
S-strike position. The peripheral location of the developing dorsal and anal
fins in argentinoids may serve to support the fin fold while allowing mexi-

mum freedom for vibratory locomotion.
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Figure 5. Larvae of stomiatoids. (A) Vinciguerria lucetia, 9.0 mm, trom Ahlstrom and
Counts (1958): (B) Dipluphos taenia, 44 mm, from Jespersen and Taninyg (1319); (C)
Ichthpocorcus ovatus, 15 mm, from Jespersen and Taning (1926); (D) Danaphos ocu-
intus, 22.4 mm, from Ahlstrom (1974}; {F} Mauroticus muefleri, 10,3 nom, trom Oki-
vama (1971 }; (F) Sternaptyr sp.. 5.8 mun.

A characteristic of argentinoid larvae is the specialization of the eve. In
many species the eyes have become narrowed and elliptical and in some spe-
cies they are borne on stalks (Fig. 4), the possible function of which we can
consider when we take up the stomiatoids.

The Stomiatoidei is dominated by two major groups, the gonostomatids
and relatives and the melanostomiatids and their relatives. Gonostornatid
larvae have achieved a diversity of form (Fig. 5). Somc, such as the clupeoid-
like Vinciguerria, are slender with a long intestine. Diplophos and Ichthyo-
coecus are even rmore attenuate, and in the latter the posterior section of the
elongate intesiine trails free from the body (a feature that is widespread
throughout the melanostomiatids) and the lower pectoral fin rays are extra-
ordinarily elongate (a condition encountered in the larvae of sume myctophid
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Figure 6. Larvae of siomiatoids. (A) Stomias atriverter, 10.0 mm; (B} Bathophilis
nigerrimus. 21.7 mm, from Sanzo (1931); (C) Melanostomiatid, 34.5 mm.

species). In another direction, genera such as Maurolicus and Danaphos are
less attenuate, have shorter intestines, and begin to develop their clumps of
photophores well before transformation. The toreshortening of the gut, deep-
ening of the body, and development of larval photophore clumps is most pro-
nounced in the larvae of hatchet fishes, a group closely allied with the gono-
stornatids.

Morphological specialization reaches a zenith in larvae of the Melanosto-
miatidae and relatives (Fig. 6). They range from highly attenuate forms with
long intestines such such as Stomias to rather deep-bodied forms such as
Bathopyhilus with its voluminous sac-like intestine. The large jaws and expan-
sive gut of the latter would appear to allow it to utilize targe prev. Elongation of
the gut bevond the confines of thebody is a common feature of many melanosto-
miatid genera, and nowhere is this more apparent than in a larva tentatively
identified to the genus Leptostomias (Fig. 6), where the gut is five times the
length of the body and exceeds it in mass. One may speculatc that, in this
remarkable expression of alimentary dominance, digestion and absorption
efficiency is improved while permitting a greatervariety of prev tvpes.
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Figure 7. Various eve shapes ol marine teleost lanae, (A) Round eye of Bathylagus

milleri, lateral view [above) of 10.6-mm lana and dorsal view (below]) of 9.5-mm

larva: (B} Narrow sessile eve of Batiylagus wesethi, lateral view of 8.8-mm larva and

dorsal view of 8.5-run Luva; (C) Narrow slightly stalked eve of 7.0-mm Myrtophum
riitiduturn Tarva; (D) Markedly stalked cyes of 16-mm Idiaeanthus fasciola larva. I'ig-

ure trom Weihs and Moser (1981).

Ameng the most specialized of all fish larvae are those of the stomiatoid
family Idiacanthidae (Figs. 7 and 8). The eves are borne cn stalks that grow
to one-fourth the length of the body and are then resorbed at transformation.
Weihs and Moser (1981) have proposed a theorv that might explain the adap-
tive acvantage of this extraordinary specialization. If one assumes that the
major causes of larval fish mortality are starvation, predation, and the inter-
actions between them (Hunter, 1976), and that feeding and predator avoid-
ance are largelv dependent on vision, then cye specializations that improve
feeding eficiency and predator avoidance are to be expected. Hunter (1972)
showed that anchovy larvae notice and strike at food particles located within
a 60° cone with a maximum height of about one bodv length and demon-
strated that sighting distance and visual field are major limitations for feed-
ing larvae.

Weihs and Moser (1981) suggest that enlargement of the visual field has
evolved progressively through several stages, the first being a narrowing of a
sessile round eve (Fig. 7B). Inn contrast to the round cup-shaped eve which lies
flat in the developing orbit, the elliptical eve would have an increased rota-
tional ability around the long axis, thus enlarging the volume observable
{from a given point. The next stage would be the extension of the eves on short
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Figure 8. Theoretical relation of eve stalk length to percepfion distance in fish larvae.
Ratin of the volume sighted by stalked eves Vs to that covered by fullv rotatable eyes
attached to the head Va, versus the ratio of stalk length “a™ 1o perception distance “d.”
Idiacanthus larva is shown to illustrate the geometrical parameters. From Weihs and
Moser (1981).

stalks so that they lie just outside the margin of the eve (Fig. 7C). Such eyes
could be even more freely rotated so that the observable volume would ap-
proach that of a sphere. Extension of the eves on pedunculate stalks would
further increase this volume (Fig,. 7D).

These specializistions raise the possibility of detecting prey from greater
distances with a minimum ot body motion, thus both conserving energy and
reducing predator cues. Weihs and Moser (1981) calculate a tenfold increase
in visual volume for elliptical eves compared with round eves and as much as
an additional tenfold advantage for eves borne on stalks (Fig. 8). The fact
that protruding cves have evolved independently in larvac of three families of
anguilliform eels, in argentinoid and stomiatoid salmoniforms, and in the
myctophiform lanterntishes points to the evolutionary value and persistence
of the adaptation.

The order Myctophiformes is in some ways the most varied and interest-
ing teleost order from the standpoint of larval development. Shallow-water
benthic forms such as the synodontid lizardfishes have elongate larvae with
long strait intestines, reminiscent of clupioid larvae (Fig. 9A). The large con-
spicuous melanistic blotches spaced evenly along the sides of the gut are
characteristic of lizardfish larvae. Other benthic forms such as Audopus and
Clloropthalmus have shorter intestines with a single dorsally located melan-
istic blotch (Figs. 9B,C). Some deep-living benthic and benthopelagic forms
have larvae with magnificent enlarged diaphanous fins (Fig, 9D). Larvae of
the pelagic myvctophiforms display great diversity of form. Notosudids have
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Figure 9. Larvae of demersal myctophitorms. (A) Spnodies lucioceps, 10.5 mim: (B)
Chlorapthalmus agassizé, 9.5 mm, from Taning (1918): (C} Aulopid, 12.3 mum, fiom
Okivama (1974, courtesy of Springer-Verlag New York, Inc.); (D} Bathysaurid, 33 mm.
frotn Marshall (1961).

elongate larvae with narrow elliptical eyes and curiously complex melano-
phore patterns in the caudal region (Fig. 10A), Larvae of the paralepidids,
midwater predators, are elongate and have extremely short intestines that
lengthen markedly during the larval stage. Their characteristic pigmentation
consists of large melanistic blotches that are added serially along the daorsal
aspect of the gut as it elongates and may function in maintaining a masking
capability comrmensurate with gut length {Fig. 10C-E). Larvae of another
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Figure 10. Larvae of midwater myctophiforms. {A) Ahliesaurs berrpi, 30.5 mm, from
Bertelsen et al. (1976); (B} Evermanrella balbe, 11.5 mm, fram Schmidt (1918); (C-
L) Lestidiops ringens, 9.4, 16.5, 28.5 mmy; (F) Scopelarchaides nicholsi, 23.0 mm.

midwater predatory group, the Scopelarchidae, have large jaws and a short
bulbous gut that is covered by one or two very large melanistic blotches posi-
tioned directly over the saccular portion of the gut (Fig. 10F). Larvae of this
group have also developed remarkably narrow eves with pendant chorioid
tissue.

In no other teleost group have the larvae explored so many pathways of
evolutionary diversity as in the myctophid lanternfishes. As the largest family
in the arder (more than 30 genera and about 200 species), myctophids are

ubiguitous in the world ocean. In a typical oceanic plankton tow about half
the total fish larvae are those of lanternfishes, and Barham (1970} may be
justified in suggesting that lanternfish have the largest biomass of any verte-
brate group. Dr. E.H. Ahlstrom and I have been studving lanternfish larvae
from a taxonomic viewpoint for over fifteen years, and our findings are de-
tailed in four papers (Moser and Ahlstrom, 1970, 1972, 1974; Ahlstrom et al..
1976). Today 1 will only have time to describe some of the most prominent
morphological specializations and discuss possible adaptive significance.
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Figure 11. Larvae of myciophine lanterntishes. {A) Protompetuphum crockeri. 142
min, from Moser and Ahlstrom (1970); (B) Hpgophum reinhardti, 12.8 mm, ibid; (C)
Myrtophum aurolaternatum, 26.0 mm, from Moser and Ahlstrom (1474): (D) Mycto-
phutn asperum, 6.8 mm, ibid; [E) Famveing rar, 17.6 mm, from Moser and Ahlstrom

{1970).

Paxton (1972) divided the family into two subtamilies, Myvctophinae and
Lampanyctinae, on the basis of adult osteology and photophore characters.
Moser and Ahlstrom { 1970) showed that characters of the larvac alsc divide
the family, with a distribution of genera that mirrors that of Paxton. Mycto-
phine larvae have narrow elliptical eves and most lampanyctine larvae have
round eyes., although some gencra (Triphoturus. Notolpchnus, Lobianchiaj of

104



Morphological / Functional Aspects

the latter have experimented with narrowing of the eve (Figs. 11-14). Stalked
eves are found in three of the narrow-eved myctophid genera. Practically
every larval teleost body form is represented among myctophid genera, and
we have been able to delineate a unique larval morph for each genus. Body
form ranges from slender to stubby to leaf-like. The uncoiled intestine has
distinctive transverse rugae and ranges from short. to elongate, to trailing
free from the body (Fig. 11). The infestinal rugae, which are pronounced
enough in myctophids and relatives to serve as an identifiing character of the
group, provide a mechanism for increasing the digestive and absorptive sur-
face of an uncoiled gut.

Myctophid larvae exhibit a diversity and specificity of melanophore pat-
tern that is unmatched among teleosts, and indeed each genus has a pigment
morph that is as taxonomically useful as the structural morph. I belicve that
the specificity and often limited variation of pigment patterns in this group,
perhaps in concert with the unique structural morphs, relate to the species
recognition/patchfeeding idea presented earlier in the lecture.

A remarkable feature of lanternfish larvae is the development of one or
more pairs of photophores, a character we saw in gonostomatids and ster-
noptychids. Larvae of almost every lanternfish species develop a photophore
(later to become the middle branchiostegal photophore of juveniles and
adults) below each eve. Considering the position and universality of oceur-
rence of these photophores it is reasonable to suggest that they are functional
and may lure and‘or illuminate potential prey.

Additional pairs of photophores develop during the larval stage in three
mvctophine gencra {Benthosema, Diogenichthys, and Myctophum) and in nu-
merous lampanvctine genera. These additional photophore pairs appear con-
sistently in several areas—anterior to the eye, on the outer surtace of the pec-
toral fin penduncle, and along the ventrum, The preorbital photophores, like
the branchiostegal photaphores, mav be utilized in feeding. The light organs
on the highly motile pectoral tin base may also be involved in feeding, possi-
bly as lures. Typical locations for the ventral organs among the various
genera are below the pectoral fin base, just anterior to the developing pelvic
fin, and posterior to the anus: however, the sequence of appearance of the
photophores is often highly specific (Figs. 12-14). In genera such as Diogeni-
chthys (Fig. 12), where the sequence of appearance of multiple photophores
is highly specific, the phutophore patterns may function as infraspecific rec-
ognition signals in feeding as suggested for the melanophore patterns. Since
each photophore has a heavily melanistic cup, they could enhance the speci-
ficity of the melanophore patterns during the day and provide a specific lumi-
nous pattern during dim light conditions.

In larvae of two genera (Loweina and Tarletonbeania) the lowermost
pectoral finrays become elongate and bear serially arranged pigmented fleshy
spatulations (Fig. 11E}. These elongate ornamented rays, along with some
neighboring ravs, are resorbed at transformation. Larvae of these same
genera have voluminous fin folds which are accommodated by the posteriad

105



Marine Fish Larvae/ Moser

Figure 12. Larvae of myclophine lanternfishes. (A-C] Diogenichthys lunternatus, 6.6,
7.7, 12.3 mm (D-F) Diogenichthys atlanticus, 7.2, 8.8, 12.8 mm. From Moser and
Ahlstrom (1970),

displacement of dorsal and anal fins. One could postulate hyvdrostatic (energy
saving) or nutritional (energy storage) functions for these remarkable struc-
tures. These functions could be related te orienting/stabilizing and sensory
functions for the elongate ravs. Another possibility is that both the volumi-
nous fin folds and the elongale trailing pectoral fin ravs enhance the apparent
size of the larvae and thus function as a deterrent to potential predators. The
facts that the fin folds are emphasized by an even distribution ot 'large mela-
nophores and that the elongate pectoral rays are provided with large melan-
istic spatulations support this idea.

106



Marphological / Functional Aspects

Figure 13. Larvae of lampanyctine lanternfishes. {A) Triphoturies nigrescens, 8.5 mm:
(B} Diaphus theta, .9 mm, from Moser and Ahlstrom [1974); () Lohianchio do-
Sfleinii, 8.2 mm, ibid: (D) Lampanpeies achirus, 13.4 mm, ibid: (E) Lampanycius sp.,
9.4 mm.

Enlarged pectoral fins with supernumerary ravs also occur in Mycto-
phum and Symbolophorus and, in the other subfamily, have reached a peak
of specialization in one group of Lampeanyetus (Moser and Ahlstrom, 1974).
In these species, fin enlargement is accompanied by increasing robustness of
the bodv and prolongation of the extraordinarily toothy jaws, giving them a
distinct predatory appearance {Fig. 13D, E). The body form of these larvae is
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Figure 14. Lanvae of notolvchnine and gymnoscopeline lanternfishes. (A} Notolychnus
valdiviae. 9.2 mm, trom Moser and Ahlstrom, 1974: (B} Ceratoscopetus ronmsendi,
16.6 mm, ihid: (C) Lepidophanes gaussi, 13.3 mumn, ibid: (D) Lampeidenu urophaas.
44.4 mm (E) Notoscopelus resplendens, 16.2 mm; (F) Lampanyctodes hectoris, 11.7
mm. from Ahlstrom et al. (1976).

not commensurate with an S-shaped feeding strike, and one could speculate
that pectoral fin thrust could play a part in the feeding strike, The “indepen-
dence™ of larval evolution is exemnplified by these species when their robust,
presumably motile and predatory larvae transtorm into soft-bodied, sluggish
juveniles and adults. This is highlighted by the species with the largest larval
pectoral fins, having the highest rav count of any mvctophid, where the fin is
lost completely in adults (Fig. 13E).
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A major characteristic of gadiform larvae is a coiled gut, a feature found
in larvae throughout the higher teleost groups. A coiled gut in the larval stage
would appear to have certain advantages over the straight condition. By com-
pressing the intestine in a mass behind the head, the digestive and propulsive
systems become spatially separated and can specialize independently. Coil-
ing would scem a natural prerequisite for the development of specialized
digestive regions, separated by sphincters, that allow a more controlled rate
of passage and digestion. A coiled gut with specialized functional regions is
found in adults of most teleosts, whether or not their larvae have straight or
coiled intestines. The development of the coiled specialized condition early in
the ontogeny of most “advanced” teleosts appears to be a major evolutionary
shift, permitting morce cfficient digestion and absorption and a greater vari-
ety of prev tvpes.

In the gadoids, the cods and relatives, the larvac have large heads and
jaws and an intestinal mass of large capacity (Fig. 15A-C). The ability of
early larval stages to capture and retain prev items of a wide size range
would seem advantageous to a group whose larvae are tound typically in rel-
ativelv deeper colder water (Sumida and Moser. 1980). In many species of
morids, the pelvic fins appear early in the larval stage and develop elongate
rays, sometimes ornamented with pigmented spatulations (Fig. 15E). Simi-
larly, the macrurids develop large specialized pelvics, but also develop elon-
gated dorsal rays and have curious paddle-shaped, highlv peduncular pecto-
ral fins (Fig, 16A).

Remarkable appendages are found in the larval stages of ophidioid
fishes. Pearltish larvae develop a highly moditied dorsal appendage that bears
leaf-like pigmented spatulations and in many species is directed anteriorly,
possibly functioning as a lure (Fig. 16B).

What may be an example of mimicry is found in certain highlv special-
ized ophidioid larvae that possess an ornate free trailing intestinal loop (Fig,
16C). Two such “exterilium™ larvae have heen reported, one taken in a trawl
off Brazil (Nielsen, 1963) and the other captured alive after washing up on a
beach near East London, South Africa (Fraser and Smith, 1974). A third spec-
imen shown in Figure 16C was captured alive by a diver off New Guinea and
deposited in the Scripps Institution of Oceanography Fish Collection {Cat.
No. 810 76-68). Although this larva is specifically distinet from the South
African specimen (based on contrasting melanophore pattern, relative gut
length, and other characters) both larvae have a fringe of fleshv cirri along
the ventral edge of the intestinal loop and an arborescent appendage at-
tached to the distal end of the loop. The cirri are marked with conspicuous
large melanophores, and the resernblance of the entire structure to a sipho-
nophore or other poisonous coelenterate prompted Fraser and Smith (1974)
to suggest that the larvae may be discouraging potential predators through
mimicry. One would associate such a large, highly specialized structure with
prolonged pelagic life, and the authors may be correct in speculating that
these are the larvae of some vet unknown group of slope or deep-sea ophidi-
oids.
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Figure 15. Young of gadiforms. (A-C) Merluccius productus larvae, 4.3, 7.7, 11,0 mm,
from Ahlstrom and Counts {1355); (IN Bregrmacercs macclellandii larvae, 10 mm,
from T'Ancona and Cavinate (1965); (E) Eretmophorus kleinbergt pelagic juvenile,
105 mm, from D'Ancona (1933).

This rernarkable adaptation probably arose secondarily from an adapta-
tion associated with nourishment, Elongation of a straight intestine is com-
men among salmoniforms and myctophiforms (Figs. 6, 11), presumably as
an adaptation for improved digestion and absorption. Larvae of some higher
teleosts have increased the gut mass by projecting an intestinal loop bevond
the ventral body contour. This is particularly evident in bothid flatfishes such
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from Sanzo {1933); (B) Carapus acus larva, 3.8 mm, from Padoa {1956): (C) exter-
ilium larva, 64 mm, from Seripps Institution of Ooeanograph_v Fish Collection, Cat.
No. 510 76-68.

as Laeops (Amaoka, 1972) and in cynoglossid flatfishes. Presumably the trail-
ing gut loop began as a nutritional adaptation in exterilium Jarvae and
evolved through increasing levels of ornamentation to culminate in a struc-
ture of dual function.

Specialized elongate and often ornamented pelvic and dorsal fin ravs are
tound widely among higher teleosts, particularly ameng the perciforms,
pleuronectiforms, and lampridiforms. In the latter the character achieves its
earliest ontogenetic expression (Figs. 17, 18). Lampridiforms produce large
€ggs, up to several millimeters in diameter, in which the larvae develop to an
advarnced state and form their elongate ornamented pelvic and anterior dor-
sal ravs before hatching. The fact that enlarged specialized pelvic and ante-
rior dorsal rays appear in larvae of many phylogenetically diverse higher
teleosts speaks for the importance of these adaptations, whose possible func-
tional significance was discussed earlier.

Another group with large eggs and advanced development before hatch-
ing are the atheriniform fishes—the flving fishes, sauries, and silversides. The
eggs often have attachment fillaments or spike-like processes, and the larvae
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Figare 17, Larvae of lampridiforms. (A) Trachipterus sp., 7.6 mm, from Mite L1961):
(B-C) Trachipterus sp., eggs. 1.8 mm, ibid: (D) Lophotus sp.. (2.1 mm, from Sanzo
{19400,

hatch with well-developed, highly functional pectoral fins and ontogenceti-
cally advanced and functional caudal fins (Fig. 19). The large eyg, carly fin
development, and carly-forring heavy melanistic pigmentation are adapta-
tions to their stressful neustonic habitat that is characterized by high solar
radiation, wind stress, and predation (by birds, invertebrates, and other
fish).

The suggestion that ultraviolet radiation is the primary factor selecting
for the heavv melanistic pigmentation found universally among neustenic
fish larvae is supported indirectly by the experiments of John Hunter and his
collaborators. Newly hatched anchovy larvace surviving four days of UV-B ra-
diation equivalent to summmertime levels off Southern California developed
necrotic lesions of the eve and brain and had retarded growth and devclop-
ment (Hunter et al., 1879). Further experiments by Hunter et al. (in press)
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Figure 18. Larvae of lampridiforms, (A) Zu cristaties, 6.5 mm. from Sparta (1933a}
{B-C) Regrdecus glesne, 5.4, 45.86 mm, from Sparta (1933h).

show that developing anchovies are even more sensitive to a lower UV-B dose
(equivalent to wintertime levels) given over a 12-day period, and place the
LDy, depth at 4 m in clear oceanic water. (LDy, denotes the irradiation dose
lethal to 50% of batch over a specified time interval.) Essentially UV-B radia-
tion will not permit survival of the lightly pigmented anchovy larva at the
surface off Southern California from March to October, while experiments on
the more heavily pigmented robust larvae of Pacific mackerel show that they
are twice as resistant to UV-B and could live at the surface vear round.
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Figure 19. Larvae of atheriniforms. {A-D) Cppselurus heterurus doderleini: (A} egg
with filuments, 1.9 mm diameter; (B) egg with 2-week-old embrvo: (C) nowly
hatched larva, 6.3 mm: (D) 25-dav-old larva, 14 mm, from Tsukahara et al. {1357];
{E-T) Hemirhamphus sajori. 7.7 mm, 10.7 mm. ffom Uchida (1458); (G) Tvlusurus
metanotus., 10,2 mm. from Mito (1958); (H-1) Cololabis saira. 5.1, 9.9 mm.

Similar cxperiments have not heen carried out on true neustonic species,
those which live exclusively at the surface zone; however, the heavy mcla-
nism, whether it cloaks the body completely or is concentrated along the dor-
sum, provides protection from destructive effects of ultraviclet radiation. In
addition to the heavy melanistic pigment, neustonic forms also have very
heavy xanthic pigmentation that often takes the form of a solid vellow cloak
and may provide additional protection from ultraviolet and visible light radi-
ation. (For further discussion, see Perlmutter, 1961; Breder, 19623 Hempel
and Weikert, 1972.)
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What then is the major attraction of the neustonic zone? Zaitsev (1970)
found relatively high concentrations of invertebrate plankters, of appropriate
size for feeding larval fish, at the surface of the Black Sea. Similar studies yet
to be carried out in oceanic waters may show that the neustonic zone is a
kind of permanent food patch available to larval fish. Evolutionary require-
ments for successful exploitation of this “patch™ appear to be a large, often
attached, egg that permits advanced development before hatching, and a
new-hatched larva that is relatively large, heavily pigmented, tough bodied,
and capable of feeding and avoiding predators. That this neustonic morph
has been achieved by species from so many phylogenetically divergent groups
suggests a habitat of richness and complexity worthy of detailed study.

A major evolutionarv theme in higher teleosts is spination. Within the
dominant group of spiny-rayed teleosts, the Acanthopterygii, calciumn metab-
alistn and mobilization has reached a degree of perfection, and the array of
fin spine, head spine, and dentitional arrangements is unmatched in corn-
plexity within the animal kingdom. The propensity to evolve specialized bony
structures extends back into the larval period, where the diversity of tin and
head spine specializations exceeds that of adult acanthoptervgians (Figs.
20-26).

Primary sites for the accentuation and ornamentation of spines are at
the anterior end of the dorsal and pelvic fins and on the head, usually posteri-
orlv, where the head is widest and deepest, on bones such as the frontals,
parietals, pterotics, postternporals, preoperculars, and the opercular serics
(Figs. 20, 21). Bv having elongate fin and head spines at the widest region of
the body the larva increases its size, from the standpoint of a potential preda-
tor, to a degree that is a function of spine length. Spines on the opercle can be
extended laterally by flaring the gill covers to produce the same effect. The
result is a prev item that is effectively larger, painful to ingest, thus more
resistant to predation. Such a protective effect may be enormous at the size
range of fish larvae, where small increments in actual or apparent preyv size
may have a disproportionately large effect in reducing predation by the
smaller classes of organisms that prev on fish larvae.

Another effect of the elaboration of bony material into spines is to in-
crease the specific gravity of the larva, thus posing a flotation problem. This
is partiallv ameliorated in many larvae where structurally elegant spines are
formed by supporting rods and thin serrated veins. Moreover, the center of
gravity is shifted well forward in larvae with spiny heads. This appears to be
compensated for in these larvae by a corresponding, mare anteriad location
of the gas bladder. Many acanthoptervgian reef fishes (beryciform and perci-
form) produce larvae which inhabit open ocean waters and must have ex-
tended larval periods for their survival. They are among the spiniest of all fish
larvae, leading to the often stated notion that spines enhance flotation, It is
likely that increased spination in acanthopterygian fishes has the opposite
effect and that flotation is the province of the gas bladder, even in fishes
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Figure 20. Larvae of acanthoptervgii showing well-develuped spination. (A) Anthias
gordensis, 6.0 mm, from Kendall (1979): (B) Epinephelus sp., 8.4 mm, ibid; (C) Holo-
centrus verillarius, 5.0 mm, from McKenney {1959); (D) Antigonia rubescens, 4.5 mm,
from Uchida (1936); (E) Dachdopterus volitans, 3.5 mm, from Sanzo (1934); (F) Cau-
lolatilus princeps, 6.0 tm; (G) Champsodon sapderi 4.6 mm, from Mito (1962): (H)
Forvipiger longirostris (tholichthys stage), 17 mm, from Kendall and Goldsborough
(1911); (1) acanthurid, 7 mm, from Weber (1913); (J) Ranzania laevis, 2.8 mm, from
Tortonese (19561
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Figure 21. Larvae of scombroids. (A} Thunris atbacares, 14,2 mm, from Matsumoto
{1958); (B) Gemplus serperts, 6.9 mn, from Voss (1954): (C) Luvarus tmpericlis, 119
mm, trom De Gaetani (1930} (D) Istiophorus americanus, 8.1 mm, from Gehringer
11956); { E) Xiphices glacdines, 15.6 nun, from Taning (1953]).
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where the bladder is lost during ontogeny. Volumineus finfolds (as in
Loweina). distended gelatinous body envelopes (e.g., in lophiiforms and
tetraodontiforms) and enlarged diaphanous fins may also serve to maintain
buoyancy. It seems probable that the highly developed spination of many
marine teleost larvae reflects the importance of predation as a major mor-
tality factor during an extended larval period. In some reef and shore species
a specialized pelagic juvenile stage is interposed between the larval and
benthic juvenile stages. Thev have a unique morphology, with spines often
accentuated bevond that of the larval period (Fig. 20H) and are capable of
rapid transformation upon sensing bottom.

Although the adults of most spinv-raved fishes are smooth-headed, the
adults of some families within the acanthoptervgian order Scorpaeniformes
have complex and highly specific arrangements of head spines. Certain of
these spines are well developed during the larval period and aid in identifica-
tion, at least to the generic level {Moser et al., 1977; Richardsen and Laroche,
1979). One group of scorpacnids, the rockfishes (Sebastes and relatives), have
undergone extensive speciation in temperate and boreal waters. A major evo-
lutionary trend in rockfishes is towards a more pelagic mode of life, with
associated flexibility and streamlining of the body form, lightening of the
skeleton, and reduction and loss of head spines. However, even the smooth-
headed species have larvae with prominent head spines, many of which are
lost gradually after the larval period (Moser, 1972: Moser and Ahlstrom,
1978: Richardson and Laroche, 1979; Laroche and Richardson, 1980). Reten-
tion of the ancestral pattern in their larvae suggests that the rockfishes are
derived from warm-water benthic forms resembling the contemporary tropi-
cal genera, and also points out the ontogenetic and evelutionary plasticity of
spine formation in this group (Moser and Ahlstrom, 1978).

Pigmentation has evolved to a high degree in larvae of acanthoptervgi-
ans. In addition to the recurring types of melanistic pigment (e.g., gas blad-
der, oil glebule, gut, post-anal series), whose possible functions were dis-
cusscd earlier, unique melanopore patterns are found among the species of
many groups. The possible role of pattern specificity in patch teeding was
presented earlier. In addition to melanistic pigment, well-developed xanthic
(vellow) pigment is encountered among the larvae of acanthoptervgian
fishes. The xanthophores may be in the same locations as the melanophores
in a species, or they may be arranged in a distinctly different pattern, thus
affording the larva two separate and unique patterns of pigmentation (sec
Mite, 1960, 1963, for examples}. Where the xanthophores co-occur with the
melanophores thev may enhance the melanophore pattern signal, and where
they are complementary they could serve to increase the specificity of the
overall pattern. Xanthophore patterns seem to be best developed in coastal
fishes, where reduced water clarity may obscure the melanistic pattern. An
interesting feature of xanthophores is that they appear brown or black when
viewed in transmitted light and have the appearance of melanophores when
illuminated from the back. Much is to be learned about this dual capacity
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Figure 22. Larvae of Sebastes. (A) 8. oblongus, 14 mm, from Fujita (1958]; (B} 8. mue-
donaldi, 9.0 mm, from Moser et al. (1977): (C) 8. jordani, 15.5 mm, ibid; (D) 3. pais-
cispinis, 14.0 mm, ibid: (£} 8. levis, 10.4 mum, ibid; (F) S. melnnostomus, 8.2 mm, from
Moser and Ahlstrom (1978).

and about the synthesis, arrangement, and role of xanthic pigment in fish
larvae.

The flatfishes (Pleuronectiformes) are a large group of fishes which have
become highly specialized for life on the seafloor and have both eves on the
side away from the substrate. In all flatfishes the eves are symmetrical during
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the larval stage and migrate to their asymmetrical position during metamor-
phosis. In the pleuronectids (the highly successful group of northern seas)
and the soleids (the true soles of temperate and tropical waters), the left eve
migrates over to the right side of the head and the left side faces the sub-
strate. The oppusite is true for the diverse bothid and cynoglossid flatfishes of
tropical and subtropical waters. Early in the larval stage, flatfish are not un-
like larvae of typical acanthoptervgians; however, they soon develop a deep,
laterally compressed body form and a markedly coiled gut that is positioned
well forward in the body.

Pleuronectiform larvae have a large array of morphological specializa-
tions (Figs. 24-26). The most prominent specialization is size. Size has
plaved an important evolutionary role in larval tlatfishes, perhaps more than
in any other group of teleosts. To begin with, pleuronectiform eggs span the
entire range of tcleost egyg size. Species with small eggs (ca. 0.6 mm in diam-
eter), approaching the lower limit of teleost egg size, are found throughout
the flatfish groups, and several species in the pleuronectid genera Hippo-
glossus, Hippoglossoides, and Reinhardtius approach the upper size limit for
pelagic teleost eggs. Most notably, the eggs of the Greenland halibut, Rein-
hardtius hippoglossoides, are 4.0-4.5 mm in diameter and the larvae are
10-16 mm at hatching (Jensen, 1935).

The range of sizes encountered among flatfish larvae is greater than in
any teleost group. Larvae of the achirine soles are among the smallest of all
teleost larvae. For example, larvae of the lined sole, Achirus lineatus (Fig. 26),
are 1.6 mm long at hatching and complete metarnorphosis before they are
5.0 mm {(Houde et al., 1970). In contrast, the larvae of some pleuronectids
and bothids attain very large sizes (Figs. 24-25). Dover sole (Microstomus
pacificus) larvae exceed 60 mm in length, and those of the rex sole (Glvptoce-
phalus zachirus) reach a maximum of about 90 mm (Pearcy et al., 1977).
Larvae of bothid genera such as Kamoharaia, Laeops, and Taeniopsetta
reach sizes in the 70-90 mm size range. and those of Chascanopsetta exceed
100 mm (Nielsen, 1963; Amaoka, 1970, 1971, 1972}, Barham (1966} ob-
served from a submarine a remarkable bothid larva that he estimated to be
more than 220 mun in length. The point is that, in flatfish, egg and larval size
(and accordinglv age) has been explored as a major adaptation.

Shallow or estuarine forms., such as the achirine soles, have solved the
problem of recruitment of planktonic larvac to an areally limited bottom
habitat by reducing the length and therefore the dispersal of the larval state.
In contrast, the deepest living species have protracted the larval state through
sustained growth, thus increasing the probability of settling success follow-
ing shoreward and bottomward drift or migration. Not onlv is the time inter-
val available for settling extended, but the length and time range over which
metamorphosis can occur is increased in the species with larger larvae. This
phenomenon is clearly demonstrated among the species of Pleuronichthys
where there is a gradation in size at metamorphosis (Fig, 24). The bay and
nearshore species transform and settle at small sizes, and the deeper water
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Figure 23. Larvac of scorpaenids, (A} Helicolenus dactplopterus. 19.0 mm, from Tan-
ing {1961): {B) Scorpasna guttata, 6.2 mm, from Moser et al. (1977): (C) Seorpar-
nodes ryris, 6.2 mm, ibid; (D) Pontinus sp., 5.0 mm, ibid: (E) Sebastolohus aftivelis,
11.2 run, ibid; (F) Ectreposebastes imus. 6.7 mim, ibid.

species attain larger sizes before metamorphosis (Sumida et al., 1979).

The heavily pigmented larvae of Pleuronichthys are taken frequently in
our neuston collections. Particularly prominent in these collections are fully
transformed juveniles of the deeper water species, P. cognosus and P. decur-
rens. Since transformed flatfish have a blind side, they would be at a disad-
vantage in finding food and avoiding predators prior to settling. These disad-
vantages might be reduced in the neustonic zone, where juvenile
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Figure 24. Larvae of pleuranectid flattishes. (A] Glvptocephalus zachirus, 47.0 mm
after Ahlstrom and Moser [1975); (B) Microstomus pocificus, 14.6 mm: (C) Pleuroni-
chthys decurrens, 9.7 mm, from Sumida et al. {1979): (D) P. decurrens, 10.0 mm,
showing initial eve migration, ihid; (E) Pleuronichthys ritteri, 5.6 mm, ibid: (F) P.
ritteri, 6.4 mm, showing initial eve migration, ibid.

Plewronichthys could feed efficiently on surface organisms while gaining
some measure of disguise from their orientation just below the sea boundary.
In effect, they may have “settled” temporarily at one surface before they ar-
rive at water of appropriate depth for benthic settling.

The fact that flatfish species and genera with large larvae typically have
broader zoogeographic distributions has led to the suggestion that increased
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Figure 25, Latvae of bothid flatfishes. (A) Bothus consteilatus, 27.1 mu; (B) B. constel-
Iatus, 6.2 mm; (C) Tasniopsetta ocellata, 59 mm, from Amaoka (1970); (D) Leeops
kitaharae, 79 mm, from Amaoka (1972): (E) Arnaglossus japonicws, 30.5 mim, from
Amaoka (1973).

size is a dispersal mechanism that increases species fitness (Brunn, 1937). An
alternative hypothesis is that wide dispersal is a secondary consecuence of
increased larval size (and time) as a solution for the problem of larval set-
tling in deep-living species.

The deep, sometimes leafshaped, body form of many larger flatfish lar-
vae is related to a major locomotive adaptation. The deep body form results
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Figure 26. Larvae of paralichthvid, cvnoglossid and soleid ilattishes. (A) Citharichthys
platophrys, 8.6 mm: {B) Paradichthys californicus, 5.9 mm; (C) Spacium ovale, 6.5
mm: (D) Simphurus atricaudea, 12.8 mmu (E} Achirus lingetizs, 3.1 mm, from Houde
el al. (1970); (F} A, Fneatus, newly transformed specitnen., 5.4 mm, ibid.

from the laterallv compressed nature of the cpaxial and hypaxial muscle
masses, a widening of the dorsal and anal fin ptervgiophore zones, and a
lengthening of the dorsal and anal fin ravs. The relative contribution of the
ptervgiophore zone to total body depth varies amaong species of flatfish. In
some large deep-bodied larvae it contributes more to the total body depth
than does the body musculature zone. Since tlatfish larvae are extremely thin-
bodied and flexible, the pterygiophore zone essentially enlarges the dorsal
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and anal fins, thus enhancing the power and precision of fin undulation. Bar-
ham's {1966) account of undulatory propulsion in the large unidentified flat-
fish larva and his estimate of 0.5 mvsec swimming speed highlight the impor-
tance of dorsal and anal fin undulation, with its associated enhanced
directionality, in larval flatfish locomotion.

Further specialization of the dorsal fin is seen in bothid larvae (Fig. 25),
which develop an elongate, sometimes ornamented, second dorsal ray and in
many paralichthyid larvae (Fig. 26) which have a group of elongate anterior
dorsal ravs forming a comb-like structure. The elongate ray in bothids might
have a sensory function. Barham (1966) observed that the dorsal fin “comb”
was held erect during undulatory locomotion of his giant larva, and John
Butler and I have observed that the smaller dorsal fin comb of reared Califor-
nia halibut (Paralichthys californicus) larvae is also held erect during loco-
motion, suggesting that the comb may function as a rudder during undula-
tory locomation and possibly as a stabilizing vane during caudal-fin-
generated feeding strikes. In some paralichthvid larvae, the pelvic fins are
also enlarged by ray elongation and may function during undulatory locomo-
tion.

Another possible function for the elongate dorsal ray in bothids and the
elongate dorsal and pelvic rays in paralichthyids is to increase the apparent
size of the larva as a means of reducing predation. In some species of the
bothid genus Armoglossus (Fig. 25E), the produced dorsal ray bears fleshy
streamers and heavv pigmentation, and in paralichthvids such as Cithari-
chthys and Spacium (Fig. 26A,C), the tips of the elongate dorsal and pelvic
rays have pigmented spatulations. These highly emphasized rays produce the
effect of a second body contour and thus may increase the apparent size of
the larva, as suggested earlier in the lecture for groups with similar larval
appendages.

Other specializations of flatfish larvae include a vast array of head spine
patterns, the secondary elongation of the gut cuil to a trailing condition in
bothids and cvnoglossids, and the development of highly complex and spe-
cific melanistic pigment patterns, particularly in the pleuronectids (Figs.
24-26).

One could not leave a survey of teleast larval specialization without
mentioning the remarkable larvae of lophiiform angler fishes (Fig. 27).
Goosefish (Lophius) larvae, with their elongate dorsal and pelvic fin ravs,
huge pectoral fins. balloon-like outer skin, and large size are among the most
beautiful of all fish larvae (Fig. 27A). The adaptations are associated with
prolonged pelagic lite and presumnably are related to the evolution of deeper-
living benthic species, as suggested above for decp-water flatfish. Ontogeny
in the deep-water pelagic angler fishes (Ceratioidei) is fully described in Ber-
telsen's (1951) definitive monograph. Dr. Richard Rosenblatt’s suggestion
(pers. comm.) that the deep water pelagic angler fishes are neotenic deriva-
tives of benthic coastal forms via extended pelagic larval or juvenile stages is
fascinating to consider; the gelatinous balloon-like skin of adult ceratioids
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Figure 27. Larvae of lophiiforms and Schindleric. (A) Lophius piscatorius, 26 mm,
from Taning (1923}, (B) Histrin histrio, 2.0 mm, from Adams (1960): (C) Caulo-
phryne jordani, 9.5 mm, trom Bertelsen (1951): (D) C. jordani, 10.0-mm meta-
morphic male, ibid.; (E) Cryptasaras eouesi, 11.8-mm female, ibid.: (F) C. couesf,
9.8-mm metamorphic male, ibid.; (G) €. couesi, 14.3 mm, oidest free-living stage of
malr, ibid.; (H) Edriobrchinus schmidti, 70-mm adult female with 3 parasitic males,
ibid.; (1) Schindleria praematurus, 15-mm ripe female, from Brunn (1940).
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could be considered a retention of a pelagic larval character. The larvae of
many ceratioids are sexually dimorphic and the mature males are distinctly
larvoid in appearance. The reduction of ceratioid males to short-lived gamete
carriers and the further reduction tc attached “parasitic” sperm sacs in at
least four families are well known. Larvoid males are also found in the stomi-
atoid, Idiacanthus, and the gobiid genus Crystallogobius appears neotenic.
This tendency reaches the extreme in Schindleria (Fig. 271), where adults
range from 10.5 to 20.5 mm SL, weigh 2.0-8.0 mg, and in all appearances
are larvae (Brunn, 1940). Here neoteny has been explored to the lower limits
of vertebrate size and marks a convenient point to end the lecture.
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